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Abstrct

air to ground test technique was simulated on

the Flight Dynamics Laboratory's LAMARS simulation system.

Data was recorded on longitudinal stick deflection and

longitudinal pipper errors. The data was used to identify

pilot model parameters using the Recursive Least Squares

(RLS) Algorithm. Several different pilot models and

discretization techniques are used to determine which

method is best suited to this task. Neal-Smith Theory is

used to predict a range of pilot model parameters to be

expected from RLS identification. Pilot model parameters

are identified using three aircraft with different time

delays. The identified pilot model parameters and pilot

ratings are compared to see if a correlation exist. The

specific values of pilot model parameters predicted by

Neal-Smith Theory were not identified. However, trends in

the pilot model parameters predicted by Neal-Smith Theory,

for aircraft of increasing time delay, can be observed in

the identifications. C-r Ka-

xi



REALTIME PILOT MODEL PARAMETER IDENTIFICATION

I. Introduction

During the months of March and April 1987, a joint

simulation was conducted by the German Flight Test

Organization (DFVLR) and the Air Force Wright Aeronautical

Laboratory, Flight Dynamics Laboratory, Flight Controls

Division (AFWAL/FIG). The objectives of the Joint program

were to introduce the flying qualities personnel and

simulation personnel to a flight test method for

pilot/aircraft analysis 11. The method was simulated on

the Large Amplitude Multimode Aerospace Research Simulator

System (LAMARS). The objective of the testing was to

analyze the pilot/aircraft system in the ground attack

mode. The testing technique employed by DFVLR uses the

Ground Attack Test Equipment (GRATE). The GRATE system

is a series of lights placed in a pattern on the ground to

serve as targets. In the ground attack mode the pilot

must continuously align the target sight in his

head-up-display (HUD) with the target on the ground. The

lights are switched forcing the pilot to react to pipper

errors in his HUD. The light switching and realignment

action by the pilot excites the pilot/aircraft system over



the wide range of frequencies necessary for system

identification. The terrain board was modified with

lights similar to the ones used by DFVLR in flight testing

for the purpose of conducting a simulation to determine

the system's suitability for the analysis of flying

qualities. Two aircraft were used in the simulation.

Both DFVLR and AFWAL/FIGC provided an aircraft model and a

test pilot for the simulation. Both aircraft models were

linearized transfer function models. The German model was

called Aircraft A and had dynamics similar to a German

Alpha-Jet. The model provided by the flying qualities

group (AFWAL/FIGC) was called Aircraft B and had dynamics

similar to an F-15. Both aircraft models and light bank

software were integrated into the LAIARS Simulation System

by the author. Test runs were flown at the target lights

by each pilot in each aircraft. Simulation variables and

pilot ratings were recorded for each run. Pilot comments

were recorded and pilot ratings were given using the

Cooper-Harper rating scale (21.

MbMaa

The problem Is to identify a transfer function model

of human pilot dynamics. A simplification of the

Meal-Smith pilot model will be used. The parameters to be

Identified are the pilot gain, lead, lag and time delay.

In ordez to identify a transfer function you must have

-2-



recorded time histories of the input and output of the

transfer function. The data collected in the Joint

AFVAL/DFVLR simulation is suitable for this purpose. Of

particular interest to the identification of pilot model

parameters are the recorded time histories of control

stick deflection (output) and pipper errors (input). A

Recursive Least Squares (RLS) algorithm can be used to

identify pilot model parameters from the recorded time

histories of control stick deflection and pipper errors.

The more pilot compensation that is required the worse

the Cooper-Harper ratings should become. Once the pilot

model parameters are identified they will be compared to

Cooper-Harper ratings to see if a correlation exists. A

correlation with Cooper-Harper ratings would serve as

validation that the pilot model parameters identified by

(RLS) are accurate.

The objectives of this research are to: 1) assess

the ability of the recursive least squares algorithm (RLS)

to identify pilot model parameters from operating records

obtained from the Joint AFWAL/DFVLR simulation. 2)

Provide a test of the sensitivity of the established

(RLS) algorithm to noise, strategy changes, biases and

reduced order models. 3) Analyze the effects of

loop-closures and time delays and assess the value of

-3-



continued research using operating records from flight

test experiments.. 4) To determine if it is feasible to

identify pilot delay as well as pilot lead, lag and gain.

It Is also an objective of this research to determine the

best method of discretization for the task of identifying

pilot model parameters.

In order to become familiar with the operation of the

RLS algorithm and to be able to apply it with confidence

to a model of unknown form, it will first be applied to

data generated synthetically. An open-loop simulation

will be performed to generate synthetic data from a pilot

Q model with known parameters. Once comfortable with

identification in the open loop case an aircraft model

will be placed in series with pilot and the pilot will

close the loop. Identification will then be accomplished

for the closed loop case. Biased error signals and pilot

remnants are then added to the simlation and the

identification repeated. The results are compared to the

results of the uncorrupted data to assess their effects on

the identification.

Neal-Smith Theory can be used to determine a pilot

model for a given aircraft and bandwidth criterion that

meets specified standards of performance. The pilot model

parameters predicted by Neal-Smith Theory is highly0
-4-



dependent on the selection of a bandwidth criteria. Pilot

model parameters will be calculated for a number of

bandwidths to determine a range of pilot model parameters

to be expected from identification of the operating

records obtained in simulation.

In examining the pilot models it was found that there

are several methods to approximate the pilot time delay.

Four different methods for the approximation of the pilot

time delay are used and the results are compared. Several

different methods are available for the discretization of

the pilot models. Four methods were used. They are the

forward rectangular rule, backward rectangular rule,

Tustin's bilinear rule, and the zero order hold

Q approximation. Bach method to approximate the time delay

is used giving four different pilot models to be

investigated. Bach pilot model is discretized using all

four methods for discretization yielding 16 separate

representations. These will be compared to see which

yields the most accurate results.

All identifications will be done using the batch

least squares and the recursive least squares features of

MATRIXx Pilot model parameters identified by MATRIXx

will be compared to the pilot comments and Cooper-Harper

ratings obtained during simulation to see if a correlation

exists.

0

-5- ......



II. Technical Background

Data Acquisition

To use the RLS algorithm to identify a transfer

function it is necessary to have time histories of the

input and output of the transfer function. This work

attempts to Identify a transfer function of the human

pilot from time histories of his input and output obtained

from a realtime pilot-in-the-loop simulation. The task

simulated was ground attack. The ground attack task was

simulated by an array of lights situated in a 8-pin

pattern on the ground. The array of lights is shown in

0 Figure 1. The lights are numbered from one to eight.

The arrow in Figure 1 indicates the switching of the

lights. In order to obtain an accurate identification of

a transfer function, the transfer function must be

persistently excited over a wide range of frequencies.

This is a well known fact from system identification

theory. This persistent excitation is accomplished by the

array of lights. When in ground attack, the the test

pilot attempts to align the pipper in his Head Up Display

(HUD) with the lamp that is currently illuminated. In

other words, the pilot attempts to minimize pipper errors.

After a specified period of time the lamp which is

currently illuminated is turned off and another lamp is

-6-



Viwo .lgt

0 wo

- 1 6 0 1 6 309

Targt Ugh ConfJiguratli.I , 
P igure 1

-7-



turned on. This serves as a step input In pipper error to

the pilot aircraft system. The lights are switched at

specified intervals in order to obtain the persistent

excitation over a wide range of frequencies required for

identification. For identification of the human pilot

model, the input is the longitudinal pipper error and the

output is the longitudinal stick deflection. Both

variables were recorded during the realtime simulations

and will be used for this purpose.

Much work was done by the author in preparing the

simulation for use at the Flight Dynamics Lab, Flight

Controls Division, Simulation Integration Branch, LAMARS

Simulation Facility. For the purpose of identification of

co pilot model parameters it is necessary to have accurate

time histories of the input (pipper errors) and output

(stick deflections). However, so that the reader will

better understand how the data was collected I will

present an overview of the simulation. Two areas that are

of particular interest to the collection of data for the

purpose of identification of pilot model parameters are

the HUD and the aircraft model.

The aircraft model used in the simulation was a

fighter aircraft with dynamics similar to that of the

F-15. The transfer functions for the longitudinal

short period dynamics are as follows:

-8



sill .60 (1.585S + 1.896) (1)

6(8) 8(82+ 4.28 +9.0)

ai.j .46 (_.043S_+ 1.935) (2)

6(S) (S 2+ 4.2S + 9.0)

It is generally recognized that an aircraft will receive

progressively lover pilot ratings as its response to pilot

input is delayed. To simulate aircraft of different

flying qualities a time delay was used. The transfer

functions for the time delays were developed by cascading

a first order Pad& approximation. The Pad& approximation

for the time delay is given as

e-TS * - (T/21.1 (3)
1 + (T/2)S

The Pad* approximations for different time delays are

given as follows:

T - 100 ms e-TS S - (S-20) (4)(S+20)

T - 200 ms e-TS % - (s-10) (5)

(S+10)

T - 300 ms e-TS f - 19-6J71 (6)

(S+6.67)

Equations I and 2 were multiplied by Equations 4, 5 and 6.

These equations together with the undelayed equations

give four different aircraft to be evaluated. During

testing the pilot was asked to fly each aircraft In the

ground attack task. During each run, pipper errors and

stick deflections were recorded. At the end of several

-9-
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runs for which the pilot flew the same aircraft he was

asked to evaluate it. The evaluations were made using

the Cooper-Harper rating scale (Figure 2). In

all, 71 runs were made and time histories and pilot

comments were recorded.

The HUD used in the simulation is representative of

the HUD used in the German Alpha-Jet (Figure 3). The major

components of the display are airspeed, azimuth angle,

radar height, and pitch angle. Of particular importance

to the ground attack task is the pipper centered between

the -10 degree and -15 degree pitch markings. The pipper

symbol changes depending upon which stage of the attack

you are in. The appearance of the pipper during each

ce stage of the attack is shown in Figure 4. The symbols are

displayed as follows shown in Table 1.

Symbol 1 in distance (X > 1900m)

Symbol 2 in range (X-1900m)

Symbol 3 in firing range (X-1750m)

Symbol 4 at the end (X-750m)

the cross flashes on/off

every 1/3 sec.

Pipper Symbology

Table 1

-11-
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-13-



The pipper is fixed in the lateral direction,

however, it my move in the longitudinal direction. Two

effects are taken into account when calculating the

longitudinal pipper location. The first effect is caused

by a change in target location in the HUD as the aircraft

approaches it on a fixed trajectory. This effect is

called trajectory shift and is readily calculated from the

geometry of the attack. A second but less significant

effect is the effect of drag and gravity on the bullets.

This effect is called gravity drop. Even though these

effects were taken into account, the pipper usually remained

In the upper half of the HUD and did not move more than

approximately 75 milL-radians.

0 All data collected during the simulation effort was

stored in standard AFWAL/FIGD binary format. It was

required to convert the data to ASCII format and put in a

form that can be loaded into MATRIXx.

The Pilot Model

The pilot model under study is a simplification of

the classical Heal-Smith model. The basic definitions of

the pilot model parameters are:

O(S) a 61L K exp - 38 ( 7+)
e(()) e(;)T 2 8+1

6 w longitudinal stick deflection , in

• a longitudinal pipper error , mill-radians

-14-



Kp = pilot gain , in

T, - pilot lead , secs

2  - pilot lag ,Secs

T3  - pilot delay ,secs

The objective of this work is to identify the pilot model

parameters Kp, TI, T2 , T 3 from the time histories of 6 and

e obtained from the simulation. The pilot model given in

Equation 1 is acting as part of a feedback control

system (Figure 5). There are some basic assumptions involved

in using the above pilot model. It is assumed the pilot

behaves like a good servo-controller. That is to say he

provides a specified command-response relationship. It is

assumed that the pilot suppresses unwanted inputs and

cdisturbances and concentrates solely on the desired

control of the aircraft. It is also assumed that he

reduces the effects of variations and uncertainties in

elements of the control loop (4).

The describing function of the human pilot is a

linear model. This a good assumption for short periods of

time. However, the human controller is very non-linear.

The non-linear portion of the human pilot is called the

pilot remnant and is the difference between the output of

the describing function and actual pilot output. The

pilot remnant vill not be identified in this work. It

vill be assumed however that any differences between the

output of the pilot model and the actual time histories

-15-
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recorded in simulation will be attributable, at least in

part, to the unmodeled pilot remnant.

There are several restrictions on the use of Squation 7

for pilot modeling. The input to the pilot must be

random. The pilot should not become sufficiently familiar

with the task so as to be able to anticipate the forcing

function. He must react to the forcing function with no

prior knowledge of what the function will do. This was

accomplished in simulation by switching the lights at

different time intervals At. Where

2.25 : At : 3.15

Different sequences of lights were also used. Because the

sequence of lights and the time interval between switching

was varied the pilot was unable to become familiar with

the sequence. He was not able to anticipate which light

would turn on and when.

The input to the pilot is an error signal. In the

case of ground attack the error is displayed on the HUD.

The primary input to the pilot is the longitudinal

distance between the center of the aiming reticle and the

target light as seen through the HUD. This is the pipper
N".

error. The system is compensatory in that only the error

and not the error rate is displayed. The pilot attempts

to minimize the error in minimum time through control

stick deflections.

-17-



Pilot compensation is very sensitive to aircraft

dynamics. A small perturbation model which is linearized

about a nominal operating point should be used. It is

essential that the pilots attention be focused on his

primary task, minimization of pLpper errors in minimum

time. His attention should not be diverted to side tasks.

The pilot should be a trained and motivated operator. He

should be familiar with the dynamics of the aircraft and

the task to be accomplished. He should be motivated in

the sense that his maximum effort is being given to the

task. Should his attention be diverted or he gives less

than his maximum effort to the task, the data he generates

viii be poor and the identification of his dynamics as

represented by the pilot model parameters vill be

questionable.

From Equation 7 it can be seen that the pilot model

contains an exponential term.
-:3s  (8)

exp

This term models the pilot delay due to neuro-muscular

lag. It is also called the transportation lag or dead

time. In order to identify the pilot model parameters of

Equation 7 using the algorithm RLS it is necessary to

discretize the equation. This will be shown in more

detail in a later section. In discretizing Equation 7 it

was found that the transportation lag given by Equation 8
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was not easily discretized. It was necessary to use an

approximation to the pilot delay.

Several approximations to Equation 8 will be used.

The PaG6 approximation to the time delay given in Equation

3 will be used. Two other methods will also be used.

These methods are not as accurate as the Pad* approximation

but are simpler to implement.

If i3 Is very small, then the pilot delay may be

approximated by

exp - 1 - 3 S (9)

-t 3 S1

exp 3 1 3S (10)

Such approximations are good if T3 is very small and,

the input time function f(t) to the pilot delay term
is a smooth and continuous one. This means that the
second - and higher order derivatives of f(t) are
small (5).

In addition to the two representations shown above,

another representation to the time delay was used. It is

the well-known Pad& approximation for time delay and Is

given by

-T3S 1 - ( 3/2)S (11)
exp 1+ (r3/2)S

It Is not known which of these representations for pilot

time delay is best suited for the task of pilot model

parameter identification. It is desired to try all three

methods as well as neglecting the pilot time delay
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altogether. This gives rise to four distinct

representations of the pilot model G(s).

(t S K 1) (12)
01(8) K( (T 1 1)(

K( (T 8 + 1)

G2(8) "Kp(l-T 3 ) (128 • 1) (3

-:- ( 1) (14)
03(9) U (14138) (12S + 1)

(1 - (T3/2)8) (riS + 1) (15)
04(9) - Kp (1 + (T3/2)8) (T28 + 1)

Bode plots of magnitude and phase shift give a good

indication of which approximation to pilot delay most

closely approximates the actual delay. This will be

e examined more closely in Chapter 4.

Discretization T.D12juA

In order to apply the recursive least squares (RLS)

feature of MATRIXx it is necessary to discretize the

pilot models of Equations 12 through 15. This is

necessary because the RLS algorithm In MATRIX x Identifies

the coefficients of the discrete transfer function not the

continuous. In order to discretize the equations one must

have a relationship between the 8 domain and the Z domain.

There are a number of such relationships available. Bach

represents a discrete approximation to a continuous
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system. Three different methods for discretization are

used. They are shown as follows:

S - 1 (16)T

S -L- (17)
TZ

T Z+I

The above approximations to S are substituted into

the pilot models of Equations 12 through 15. The

discrete time variable Z is equivalent to the advance of

one time step.

Zy(KT) a y(KT+T) (19)

Equations 16 through 18 are different ways of

approxinating the process of differentiation In the Z -

domain. Equation 16 is called forward integration and

is equivalent to estimating the rate by looking forward

over the time interval.

X(KT4T) - X(KT) y(KT) ( (20)
TT

Equation 17 is called backward integration and in

equivalent to estimating the rate by looking backward over

the time interval

v(KT) - v(KT - T1 a y(KT) (21)
T TZ

The approximation given by Equation 18 is the

tzazezoid rule or Tustin's bllinear rule, found by

approximating the average rate over the interval. An
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additional method is also used. It Is called Hold

Equivalence or Zero Order Hold. The concept behind this

technique is that the output of the discretized transfer

function is equivalent to the output of its corresponding

continuous transfer function with the exception that the

output is constant or held over the interval. The

discretized transfer function is formed from the

continuous transfer function from the following

relationship (61.

Hho(Z) = (1 - Z-1 ) Z (22)

The script Z denotes Z-transformation, which is the

hZ-domain equivalent to Laplace transformation.

Bach of the four methods of discretization described

above are used to discretize the 4 pilot models given in

Equations 12 through 15. This vill yield 16 different

discrete representations of Equation 7. Each of these

representations vill be used to identify the pilot model

parameters and a determination of which one is best suited

to the task of pilot model parameter identification will

be made.

The general form of the discretized pilot model Is

shown as follows:

0(Z) a (23)
doZn + dlZn-l . dn
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The order of the numerator and denominator are a and

n, respectively. They will vary depending on the

discretization technique used. In all cases,

n 2 m (24)

and the coefficients

and

do, d, • dn

are identified by the RLS algorithm. Algebraic

expressions for the coefficients are obtained when the

pilot models are discretLzed. In all cases they are

functions of the pilot model parameters.

O 
O 8f(Kp T TE T3)

N 0 -M T 1 0 '21'3

* (25)

dn = f(Kp T 1 1 T 2 T3)

The identification involves solving these equations for

Kp1 T1  t 2 , T3. In some cases these equations are

non-linear and do not yield unique solutions. These

equations are developed in more detail in Chapter 4.

Lemst ARes

Both Batch Least Squares (BLS) and the Recursive

Least Squares (ELS) are used for identification. Both
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algorithms are veil established and have been in use

extensively in system identification.

Batch least squares is a very popular approach
that goes back to Gauss and Legendre in the
early 19th Century. Recursive identification
algorithms update parameters at every sample,
as opposed to batch methods which operate on
an entire time history of data all at once.
Recursive algorithm are characterized by
finite non-increasing storage requirements.
They are typically well-suited for real-time
on-line identification with modest processors (81.

Both algorithms form least squares estimates of the

coefficients from the following equation:

e6 - (XTX)-IXTy (26)

where

19, (No, .. i11Nm, d0 , di,.*.dn ]

C the Least Squares estimate of

coefficients.

X - Matrix formed from input and

output data

Y = output vector

The above equation is a simplification presented only

for background information. In order to understand and

use the BLS and RLS features of MATRIXX and be confident

of the results it returns, it was necessary to understand

the algorithm in greater detail. For a detailed

derivation and discussion of the batch and recursive least

squares algorithm refer to reference (6).

-24-
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An example beat serves to Illustrate the use of

MATRIX xfor Identification of the coefficients of a

discrete transfer function. Given the following discrete

transfer function:

a Z + a
H(Z) 0 6j j--_

e(z) 2-b1

This can be rewritten as:

61"1. a0Ztal 2- ato a 1Z (27)

e(Z) Z-b 1  Z- 1-b 1 Z-

The difference equation can then be written as:

6(Z) (1 - b IZ 21) = e(Z)(a 0+a 1 Z- ) (28)

6(K) a 0 e(K) 4 a 1e(K-1) + b 16(K-1)

AM;. The discrete time histories of e and 6 from t-1 to t=K

would yield the following set:

6(1) m 0 e(l) + a 1e(0) + b 16(0)

6(2) - a le(2) + al e(l) + b 16(l) (29)

6(3) - e3 + a e(2) + b 16(2)

6(N - 0e(N +a e(14-1) +b 16(N)

This can be written In MATRIX x format as:

Y *X6, (30)

where

Ym [6(l),6(2)16(3), ... 16(N)J (31)

[u a., a,, bl) (32)
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and

6(1) Ge(0) 6(0)

e(2) e(l) 6(1)

e(3) e(2) 6(2)

X U(33)

e(N) e(N-l) 6(N-ld

The Batch Least Squares solution to 9, my be found by

typing Into MATRIX x:

MATRIX, will internally solve Equation 30.

To solve the problem using the recursive algorithm Is

considerably more simple when using MATRIX X0 One need

only provide the algorithm with an Initial guess at the

coefficients (a0, alf b11, the Initial covariance which

defaults to 10 5 and the time histories of input and

output. In this case one would input:

Y - 16(l), 6(2), 6(3), ... , 6(N))

U a* (1)v e(2)0 e(3)p ... 0 (N))

MUKO *1 0 0 3

DEMO ( 1 0 1

(HUM, DEN, FITBRRI-RLS (Y. U, NUMOO Dm40, P0)

Whore MUMO, DSHO are the initial guesses at the

coefficients. The program will return;
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VU- [a o, all

DEN = 1, b1 ]

The FITERR parameter is defined as the sum of the squared

residuals and gives an indication of the goodness of fit.

The preceding was done for the discrete transfer

function of Equation 27, but may be extended easily to a

discrete transfer function of any order.

Neal-Smith Theory is a means of predicting what

compensation the pilot is likely to apply and relating the

compensation to pilot opinion. The pilot is represented

by Equation 7. The pilot is viewed as a good

servo-controller that adapts himself to the control

system/aircraft combination by providing the compensation

required to achieve the desired performance. The pilot is

trying to achieve certain performance standards. The work

done by Neal-Smith examines pilot performance for the

pitch-tracking task. The pilot's view of good tracking is

that he be able to "acquire the target quickly and

predictably." In the frequency domain this i equivalent

to minimizing the bandwidth. The pilot is also trying to

achieve two other other things. He trys to minimize the

low frequency droop and at the same time he trys to

minimize the resonant peak. These parameters are

illustrated in Figure 6. Standards for these parameters
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have been established by Neal-Smith. For most

configurations the minimum bandwidth Is 3.5 rad/sec. The

low frequency droop was determined to be -3db. Both

standards of performance were determined somewhat

arbitrarily. In this work the minimum bandwidth will be

varied to examine Its effect on optimal pilot

compensation. When using Neal-Smith theory to calculate

optimal pilot compensation, pilot time delay is assumed to

be constant and equal to .3. The theory is then used to

calculate the optimal values of T and T2.

In order to obtain closed-loop characteristics from

the open-loop system a Nichols chart will be used. The

Nichols chart has the performance standards defined on it

as in Figure 7. This provides a graphical means to

determine if the closed loop pilot/aircraft system meets

the desired standards of performance. The Nichols chart

is also useful for determining the resonant peak.

Neal-Smith showed that there Is a relationship

between pilot compensation and pilot ratings. Closed-loop

resonance is plotted versus total pilot-compensation. In

general, the lower the closed-loop resonance and the

closer to zero the total pilot compensation the better the

pilot rating.

In this work Neal-Smith theory will be used to

predict what values of K., uI, '2 are to be expected from

0
-29-
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pilot model identification of the operating records

obtained from the simulation. Optimal pilot models will

be calculated over a range of bandwidth criterion to

determine a range of pilot model parameters to be

expected. Closed-loop resonance will be plotted versus

the pilot model parameters obtained from identification to

see if a correlation exists with the pilot ratings (3).
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III. Closed-Loop Simulation

Characteristics of the RLS Algorithm

The purpose of this section is to investigate the

characteristics of the RLS algorithm. The algorithm will

be used to identify pilot model parameters in the closed

loop case. In order to close the loop around the pilot

model it is necessary to simulate the aircraft pitch

response to control stick deflections generated by the

pilot model. A stick to pitch transfer function was

chosen that is representative of a generic fighter-type

aircraft in the ground attack mode. A discretized input

signal found useful In system identification is then

applied to the pilot/aircraft system and time histories of

input and output are recorded. These time histories are

then used to identify the pilot model parameters. The

ability of the algorithm to identify pilot model

parameters vhen the system is corrupted by noise is also

investigated.

The system under study is the closed loop system

shorn in Figure S. The pilot model actually represents

the linear portion of the human pilot. The additional

term6 r Is added to account for nonlinear human pilot

effects. The term6 r is the pilot remnant and Is the

S
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difference between the output of the pilot model and the

actual control deflection.

Two pilot models will be identified. The first model

Is representative of a pilot using excessive lead

compensation and is implemented with:

Kp - 2.0

T - .8

T 2 .2

The second pilot model is representative of a pilot

using excessive lag compensation and is implemented vith:

Kp 1.0

T1 - .2

T 2  = .8

The aircraft stick to pitch transfer function used is

representative of a German alpha-Jet and is given as follows:

-8 (34)
6(s) s3 a22 +a a + a o

Where

b 0 1.406 a0  .0985

bI a 2.38 a I - 23.5

a 2 - 5.67

The iLS identification is not dependent on the aircraft

model used. The optimum pilot model and the closed loop

simulation both use the F-15 model. The discretized pitch

input co msnd; ec is shown in Figure 9. In order to
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Implement the pilot model, the pitch response to stick

input and the co mmend input had to be discretized. The

co mand Input was easily discretized because It Is already

In a discrete form as can be seen in Figure 9. The pilot

and aircraft model vere not so trivially discretized. The

pilot and aircraft models were both discretized using the

forward Integration rule.

The pilot model my be written In discretized form

as:

G (Z) a 6"1 . ..J...+.±A..A (35)
p1  e(Z) z + ~0

Where

B - (- /)(35a)a0 (/T + 1)

0o a - (35b)
4 / 1)

A1 a - CR 1 T ~ (35c)
I (-r2 /T4 1)

Where A0 , A1, Bo can be Identified by the RLS algorithm.

The aircraft model can be written in discretized form as:

S - D1  0 (36)
6(Z) z 3 +* cz 2 + C z+ 4C

Where

Ca(-3/T 3 _ 2a 2/T 2 _ 41/T) (37a)
2 (l/T3  + a 2/T 2  + a1/T + a0 )

Cla(3/T 34 a2/T2 )(3b

(l/T3  + a 2/T2  + a 11/T + a0 )
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C0 * a(I/T 3 + a2/T2 a0) (37c)

(b1/T + b 0 )
(I/T 3 a 2/T2 + a1/T + a )

3 -bl/TDO a ( 37e )
(l/T3 + a2/T2 + aI/T + a0 )

In order to evaluate the recursive least squares

algorithm data was generated for several cases. Constant

and sinusiodal biases were added to corrupt the data. The

following signals were used:

ea a Sc - 9 + .1 Constant Bias (38)

ea s •c - 9 + .1 Sin wt. Sinusiodal Bias (39)

Where W - 1/25

The unbiased error signal was applied to the pilot

model so the bias would be unmodeled. The bias was then

added to the error signal before application of the

recursive least squares algorithm.

A similar procedure was used to model the pilot

remnant.

6r a .1 Constant Remnant (40)

6r a .1 Sin wt. Sinusiodal Remnant (41)

The remnant was added to the output of the pilot model and

used in identification.
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0 The remnants and bias were tested on both pilot

models providing 10 separate identifications.

Table 2 contains the results of the 10

Identifications.

Data Type First Pilot Second Pilot
Kp rI  Tr2 K " 1 T 2

Actual 2.0 .8 .2 1.0 .2 .8

No Bias 2.000 .8001 .2000 .9999 .2000 .6000
eBias/Const 1.0467 1.9199 .2541 1.0429 .2264 .9225
eBLas/Sin 1.3862 1.3437 .2346 1.008 .2110 .8425
Ream/Const 1.5879 1.1101 .2209 1.031 .2139 .8708
Rem/Sin 1.8324 .9131 .2097 1.031 .2139 .8708

Table 2. Closed Loop Pilot Model Parameters Identified

The second pilot model did not seem to be very

sensitive to noise and remnants. The first pilot model

was more sensitive to noise and remnants. The

identifications of T2 was fairly accurate but large

differences exist in Kp and T .  In general the algorithm

seem to be fairly sensitive to both the constant and

sinusidal biases and remnants.

Optimum Pilot Model

There are two objectives to this section. The first

objective is to calculate an optimum pilot model for the

F-15. A Neal-Smith analysis was done on the F-15 to

obtain the optimum pilot compensation. In the Heal-Smith

analysis a Pad& approximation was used to represent the
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pilot time delay. The optimum pilot model, including the

Pad& approximation to the time delay are discretized

using the backward integration discretization technique.

The F-15 Is discretized by putting the model in phase

variable canonical form and using the approximation to the

matrix exponential function. Both models are then used to

simulate the closed loop pilot/aircraft system. The

simulation was used to generate time histories of the

input and output of the optimum pilot model. The second

objective of this section is to identify pilot model

parameters including the time delay. The batch least

squares and recursive least squares algorithms in Matrixx

along with the time histories generated In the simulation

will be used for the identification.

The aircraft model used In this work is the stick to

pitch transfer function for an F-15 shown below as

*gj f .60(1.589 + 1.896) (42)

6(8) 8(S2 + 4.2S + 9.0)

The optimal pilot model Is calculated for the F-15 because

It is the aircraft used in the realtime simulation. The

optimal pilot model parameters may then be compared to the

results obtained from RLS Identification of the simulation

data.

In order to calculate an optimum pilot model you must

plot the open loop pilot/aircraft transfer function on a

Nichols chart. In general, the transfer function is

-39-



C C

where
K__ pexpl-.+1

and the Pad& approximation to e(-. 3S)Is used and Is given

as

exp (- .3 S ) 4;1 Ar
1 + .15 S

The first step Is to plot only the time delay multiplied

by the aircraft transfer function and adjust the gain

until the magnitude at w - 3.0 is approximately -5dB, then

add lead or lag compensation as required. In this section

It will be assumed that the pilot delay Is equal to 300

AUmilli-seconds. The Pad& approximation to the time delay,

multiplied by the aircraft transfer function, is given as

follows

AM-J.I -L.....J. 15 [ .60(l.518 + 1,896)
Oc181 I + .158 8(82 + 4.28 + 9.0)

After multiplying through by the Pad& approximation the

transfer function becomes

&M -.142282 + .77749 1.376
%.15S4 + 1.6383 + 5.5582 + 9.08

In order to use the above equation in a Nichols plot

program it was necessary to substitute S- j in for S and

reduce the above transfer function to the following form
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" c(JW)U 1.1422c 2 + 1,1376) + .7774(ot

(.15w 4 - 5.55w ) + (-1.63w3 + 9.0W)J C+DJ

where

A - .1422w 2 + 1.1376

B - .7774w

C a .15 4 - 5.55W2

D = -1.63w 3 + 9.0w

AB,C,D were programmed in a Nichols chart program and a

plot was generated. From the plot it was evident that

10dB of gain was needed to raise the plot to the correct

level and that lead compensation would be needed. A

bandwidth of w., a 3 was chosen as the design point. At

wo Mn 3 the phase angle should equal -130 degrees (3).

But at wow z 3 the phase is -160 degrees. Therefore the

pilot model should contribute 30 degrees of phase lead at

4*8 , 3. We have

T1 w a .60 at w a 3.0

. = .200 sec

1 3.0

This gives the following pilot model

Kp(T18 +1 ) - 10(.28+1)

which represents pure lead compensation. The following

represents the optimal pilot/aircraft system.

_fi~~~~jj_ ~ ,98 10.8+ ).- S 1,1376I_1. 1 +0.1) 2 4.28 + 9.0)
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The system requires further adjustment in order to met

the standards of performance. After several iterations of

adjusting the lead and gain# the following system was

determined to be optimal and a Nichols chart Is presented

in Figure 10.

-P 7.4728(.19338 + 1) .159 2.9 49 4,17

Sc I .15S S2+ 4.2S + 9.0)]

Also shown in Figure 11 is a Bode plot of the closed loop

system for comparison with the Nichols chart. The plots

of Figure 11 show a system where the low frequency drop is

-3dB with a closed loop peak of zero dB. This Is exactly as

is seen in the simulation results that follow. The

optimum pilot model calculated indicates level I flying

qualities because it requires minimum pilot compensation

and has a low closed loop resonance.

Discretization of Pilot Model with Tim Delay

The full pilot model with time delay Is defined as

6ps) K
18 + I

e(S) p I + (T/2)8 r2S + 1

Let T/2 equal T3 and you have

1-T8 T8

e(s) pi 3 a 2 a

After multiplying out and rearranging terms, the above

can be expressed as
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AL..-a 2 S2 +aSt+a o
e(S) 82 + b1 8 + bo

vhere

-K T t
a2  2 (44)

a OK 1 - T3) (44b)
S T 2 T 3  (44c)

Kn
- 2  3  (44c)

I T 2 "3

. 1.

bo  = (44e)

Equation 43 was discretized using the backward integration

0 rule given by Equation 17. This approximatLon for a va

substituted into Equation 43. After multiplication and

rearranging term, Equation 43 becomes

6(Z) A (45)

where 1 2

A - + b
T2  T 0

A T 2 (46a)

2 2A

A1 a A (46b)
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A 2 (46c)

9 1 T T(46d)

9 2 (46.)

When using the least squares algorithm it In A A1,# A 2,

9,and 82 that are identified. The problem then is to

relate these to K p Tl" T21 "3. Given A through 9 2 from

the RLS algorithm the following set of algebraic equations

A~h relates them to the pilot model parameters.

b -I

a 2  A 2 T2 A

aA 1 T2 + 2AL
-T

a 0  %T 0
2 A -a 2 -a I

b 0
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13 U2a 0

1 aoT

b b T

In the calculation Of T13 the positive square root was

chosen to Insure that T 3 remains positive.

Discretizgtion of the E-15 Model Using the Matrix

Exoonential Function

The transfer function for the F-15 model Is given In

3quation 42. After transforming this system to phase

variable canonical form we have

0(t) - [1.1376 .948 0] [ 2 (48)

The corresponding discrete system Is

XT(K) a AT e XT(K-1) 4ST *UT(K-1) (49)
YT(K) a CT * XT(K) (50)

Where
2 2

AT -I + AT 4 A (51)
21
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1
2 23

B? a I T a: +L (52)21 31

CT W C (53)

KATRIX x was used to calculate AT and ST with T = .1. The

following matrices were calculated.

S .0985 .00431
AT [ -.9613 .0804

-.7240 .6235'

[00016771ST a 1.0043

.0804

An eigenvalue analysis was done on "AT" to determine

If all of the roots are inside the unit circle. The roots

are
1.0
.7924 + .1723J
.7924 - .1723J

The root at 1.0 was changed to .9998 to Insure

stability. The above equations were programd in FORTRAN

and Implemented in the simulation as subroutine FiS.

Digital Simulation

The digital simulation used to generate the time

histories for Identification is the same as the simulation

program used In the previous simulation with the exception

of the pilot and aircraft models. The program was

modified with the new pilot model that Includes time

delays. The aircraft model was replaced with subroutine

,15. A listing of this program is contained In Appendix

A. The simulation was run for 110 seconds and tabulated
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data for e, 6p, *, and % Is also contained in

Appendix A. It can be seen from the tabulated data that

THETA approaches THNTAC without overshooting as vould be

indicated by the Bode plot in Figure 11. The Bode plot of

Figure 6 serves to validate what io seen in the data.

Identification of Pilot Nodel Parameters

In order for the optimum pilot model calculated from

the Neal-Smith theory to fit the formet of the discretized

general pilot model it was necessary to add a lag term.

The lag term that was added is (.01 * S + 1). It was

determined that this term adds no amplitude and negligible

phase lag. It was Included only so the form of the

aoptimum pilot model would match the form of the

discretized model. This would make identification of

pilot lag possible.

The data generated by the simulation Is converted to

a formt usable by MATRIXx by program CONVERT. Given lpe

*i T2, T3, from the optimum pilot model, and the

equations for the coefficients of the discretized pilot

model, the coefficients may be calculated as

Ao a -.2569

A1  W .5741

k 2  a -.3102

B 1 a .6909

B2  a -.0545
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The MATRIXx diary Is contained in Appendix B. The

coefficients as identified by NATRIXx from the time

histories are

o a -.1569

A1 I .5741

A2  a -.3104

B1  .6913

B 2  -.0545

This is a good identification as can be seen by the

closeness of the numbers. The fLterr of .2446 Is the sum

of the squared residuals from the RLS algorithm. A fiterr

of .2446 is very low by comparison to much larger values

of fiterr obtained on runs where there was not a good

identification.
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IV. Discretization of Pilot Models

It is desirable to determine vhich of the

approximations to the pilot time delay most accurately

approximates the actual time delay. This can be done by

comparing the frequency response of the pilot model with

the actual tim delay to the frequency response of the

pilot models with the approximations to the time delays.

The frequency range of interest for human pilot dynamics

is from .1 to 10 radians per second 13). In order to

generate frequency response plots for the pilot models it

is necessary to have values for the pilot model

parameters. The optimal pilot model parameters determined

from the Heal-Smith analysis of the previous section will

be used for this purpose. The optimal pilot model

parameters are

K - 7.47

T 1  .19

'2 .01

I 3 3 .15

These values of the optimal pilot model parameters are

substituted into the pilot models of Equation 7 and

Equations 12 through Equation 15. The resulting pilot

models are given in Equations S5 through 59.

a (3) a 7 47 exp(5)(-.3)

-5(.01-41) (
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op, M 7.47 (57)

a P =7.47 (1-.38) (.01S+1) (7

oa 7.*47 1~- (.19S±+11 (58)
P3  (14.38) (.018+1)

o 7.4 L.1 .I159 . 199+1)5.J (59)
P4 (1+.158) (.018+1)

Bode plots for G0 through 0 P4were generated using the

interactive software package TOTAL (13). A Bode plot for

Xquation 55 cannot be generated using TOTAL because of the

complex exponential term representing the time delay.

Iquation 55 must be solved numerically. In order to

generate a solution let S-jw and substitute Into Equation

5 5 . 7 .4 7 ~1 + ,1 9( 1j o ) e x p -- ( w

The magnitude and phase angle for the above expression can

be given as

Nag a-7.47 122W
1 + (.01) 2 c

**tan-1 (.19w) - tan-1 (.0lo) - (.3w)

The above equations for magnitude and phase angle are

programmed In FORTRAN program BASS. The frequency Is

varied from 0 to 10 radians per second by .1 radians per

second. Tabular data for the magnitude and phase angle

along with program BABE are contained In Appendix B. Bode
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plots for a through 0 are presented in Figure 12Gp1  p4

through 15 for comparison.

The plots of Figure 12 through Figure 15 contain the

actual phase and magnitude calculated from the above

expressions for phase and magnitude. The actual phase and

magnitude can then be compared to the approximate phase

and magnitude given by Equations 56 through 59.

From Figure 12 it can be seen that the magnitude of

G is identical to the magnitude of G . The phase angle

ofG 0 closely approximates the phase angle of Gp for

frequencies less than 1 radian per second. For

frequencies greater than I they start to diverge. At a

A frequency of 10 radians per second there is approximately

180 degrees difference in the phase angle of Gp and Gpl

Gp is the pilot model with the time delay unmodeled.

Figure 12 shows that for unmodeled time delay the output

of the pilot model will lead the actual output by 180

degrees.

Figure 13 is a Bode plot of 0 P2. There is some

magnitude distortion at the higher frequencies as would be

expected when adding the numerator term as the

approximation to the delay. At a frequency of 10 radians

per second the magnitude of 0 Is approximately 12db

greater then the magnitude of O p The phase angle of P2

is relatively constant, dropping to only -15 degrees at 10

radians per second. This leads the actual phase angle by
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approximately 100 degrees at 10 radians per second. This

Is a large phase lead but it is an improvement over the

180 degrees lead of ap0.

Figure 14 is a Bode plot of P3. The magnitude of

op3 is 10db less then the magnitude of 0p at 10 radians per

second. The phase angle of 0P3 is similar to the phase

angle of 0 and also leads the actual phase angle by

approximately 100 degrees.

Figure 15 is a Bode plot of P4* The magnitude of

Sp4is exactly the same as the magnitude of 0p . This is

expected because the Pade approximation to the time delay

will not introduce any distortion in magnitude. The Pade

approximation to the time delay will only introduce a

phase shift. The phase angle of 0 is equal toOp4

approximately -55 degrees at a frequency of 10 radians per

second. 0P4 leads a p by 60 degrees at this frequency.

The 160 degrees lead introduced in by notGp1

modeling the pilot delay, Is the worst of the 4 cases.

0 and 0 provide similar responses in phase shift and
P2 P3

are both off by about the same amount in magnitude. The

60 degrees phase lead 0P4 is the best of the 4 cases.

Since the responses of 0 and 0 provide equivalent

amounts of accuracy, 0P3 is eliminated from further

consideration.

The step responses of the closed-loop optimal

pilot/aircraft systems are examined to determine how well

-58-

.qa * *



0 the different discretization techniques approximate the

continuous responses. The pilot models of Rquations 56,

57 and 59 and the aircraft model of Rquation 1 are used

to form the close loop system. The closed loop responses

are calculated and plotted using TOTAL. Three different

discretization techniques are used. They are the backward

rectangular rule, the Tustin's bilinear rule and the

zero-order hold approximation. 0 %, I are each

discretLzed using each method giving a total of 9 plots

for comparison. A plot of the continuous system is also

presented for comparison with the discrete plots. The

plots are presented in Figures 16 through 24. The

sampling rate or time period for these plot Is .1 second.

A time period of .1 was chosen because this Is the

sampling rate used In the realtime simulation. In each

case the discretization technique provides a time response

that is an adequate approximation to the continuous. The

most accurate discretization technique is the zero-order

hold approximation. The zero-order hold approximation is

essentially equivalent to the continuous with the

exception that the output Is held constant over the time

interval.

In this section I will present the discretization of

the pilot models by the 4 methods previously discussed.

The discretization methods are as follows:

-59-
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1. Forward Rectangular Rule

2. Backward Rectangular Rule

TZ

3. Tustins Bilinear Rule

T Z+1

4. Zero Order Hold

H ho (Z) a(1-Z1)

First I will discretize G C using each of the 4 methods.

In order to manke the discretization process easier I will

put the pilot model in a convenient form.

P(8) K pT2a+1(60)

KTS +Ko
T +..L..L.. (60a)

b 8 +4

Meore

*1 K p T1  (61.)

* 0 K (6ib)

b I T 2  (6ic)

bo 1 (6id)
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Making the substitution for S given by the forward

rectangular rule into Equation 60b and rearranging terms

leads to the discrete transfer function given below as.

AZ + A
a (Z) - (62)

Where

= (63a)AI b 1

(aoT-a I )
A0 - (63b)

B a (b aT-b 1 6 c0 bJ- I )B o = bl(63c)

The coefficients Al, Ao B0 are identified by the RLS

algorithm. It is necessary to use the values of Ao Ao

B0 and Equations 61 and 63 in order to solve for Kp, TI,

and v2. The following set of equations solves for the

pilot model parameters from Equations 61 and 63.
Ao + A

ao a 0 l (64a)

AIT

a a A IT (64b)

b a 2 (64c)
+0

And

K - a (65a)

a b (65b)
2

!, e(65c)
1 a 0
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The above equations are for the forward rectangular rule.

Making the substitution for S given by the backward

rectangular rule yields.

A al + a- (66a)

A *~ '-(66b)

o b + b 0 T

B0  I~- (66c)

0 w AO + A (67d)0 B0 +1

TA
a1 *- - 0 (67e)

TB0
AMb - 8+.I(67f)
U8+1

The Tustin's bilinear rule yields.

2a I4 a 0T

A1 a a1 (68a)
0 2b I+ b0 T

A0  2bI + (68c)

% -2b I+ b0T

a A 0+ Al6a
0 a(0 +)

a1  IA (69b)1 2390 1

b 2 (69c)21 2(30 +1)
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Equation sets 64, 67, and 69 can all be related to the

pilot model parameters through equation met 65.

For the zero order hold approximation the pilot model

of Equation la Is first put in the following form.

0 (8) - K p 9+I(60a)

p pa (K + I/ 7a

P.1 P+ I/T

K (9+ a)(70b)
(8 + b)

Where
K a K~ p (71a)

a w lIT3  (71b)

b a l/I 2 (71c)

The zero order hold approximation to 0 P is given by

Equation 22.

Where

H i l a K B + 4 ( 7 2 )
S B(S +b)

It Is convenient to use partial fraction expansion

K(B~a !, !2-(73)
2(2+b) 8 S +b

Where

r1 *K (74a)
I b

'2 *K IbA) (74b)
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The Z-transform of Equation 73 Is

+ Z L 3 (75)

Wheres

r- .xp -bT (74c)

The zero order hold approximation is given by

H ho(Z) Z *S (76)

Where

Aa r I + r2  (77a)

A0 a -r 2 - r Ir 3  (77b)

B a -r (77c)
0 3

C The zero order hold approximation vas checked by using

known values for K p* TIO T2 and calculating Ale A0 and B

using Equations 71, 74 and 77. These numbers were then

compared to the numbers obtained by using the discretize

co mmend found In MATRIX x The results are Identical.

This serves to confirm that the required Equations 71, 74

and 77 are correct. given A0, A1, and %from an

identification, It remains to relate these beck to the

pilot model parameters. The following set of equations

will accomplish this.

9 A. + AD.j (76a)

A I -A
*.J"1..... (78b)
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r 3 -B 0o (78c)

r ln(r)
a- -T(r1 +r 2 ) (79b)

b a-T (79c)

K p aKa/b (SOa)

T I 1/a (80b)

T 2- 1/b (S0c)

22

(8) r a~1u + KS4()

r284

as 2  *als+a (Sib)

Where

a2a-K p T V (82a)

a I m ~ K p T13) 182b)

a0 a K p(820

bo 1. (82e)

-77-



Pilot model 2 was discretized using the 4 methods

previously discussed. Equation Sib Is an Improper

transfer function. After discretization It Is still

Improper when using the forward rectangular rule,

backward rectangular rule, and the zero-order-hold

approximation.

When using Tustin's bilinear rule to discretize

Equation Sib the result Is a proper discrete transfer

function. Since the RLS feature of MATRIX x can only be

used with proper discrete transfer functions this will be

the only technique used with pilot model 2. Using Tustins

bilinear rule to discretize Equation Sib yields

AML ~~~a (Z) . 2 2+A .A0(3

Where

a 2a
2 + 41+ 0

T2  T
A2  2 b0! (84a)

T 0

+B2
T0

A, 2b (84b)

-# 0

44 2a
=1- 4. +0

T 1
A 0 .2b(84c)

Ao 2b
+

oIS



2ba

I 2b, + bT 0

2b"

!j+ b0

T

The coefficients A2 0 A1, A0, t~ Bi B are Identified by the

RLS algorithm. The following set of equations relates

these to the pilot model parameters.

bo 1. (85.)

b I Ti + U4] (85b)

Let the coo n denominator of Equation 84a through 84d

equal.
2b

A 2  - + b 0(86)

Then from Equations 84a through 84c form the following

mintrix equation.

- T 2 A2  A0  (87a)

a 2 A2 A1I (87b)

a T 2 A2  A.2  (87c)

2 2? 4 Ha (8
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It Is necesary to use the quadratic equation and Equations

82 to solve for the pilot model parameters.

Let a i

b
4 0

a
C a0

3 a -b + bP a

2a

The positive value of -3is selected in each case.

K p a0

Discretization of Pilot fiodel 4

aGP (a) a K~ p j j [ri r (90a)

-2 mai3  ~'r 38 K (90b)

big + big *boi

-so-



Where

a 2 z -K r1 T r3  (91c)

a1 I K~ P i - T 3 (91b)

a 0- K p(91c)

b 2UT 2 T 3 (92a)

b I (r 2 + T (92b)

-1= (92c)

Since Equation 90c is a proper transfer function It Is

also a proper transfer function after It is discretized.

Equation 90c Is diucretized using each of the 4

C discretization methods. After discretization Equation 90c

Is of the following form.

a (Z) 2 2 93
P4 Z2+ * 1 z+Bso

The forward rectangular rule yields

- L. (94a)

A2 2

Am (94b)
1 b1

T 2

VOW-



a+ a
O T2 T 0 9c

T2

B0 - (9 4c)

T 2

- 2 + b0

13 0 (94e)

T 
b

The following set of equations solves for a, ao , a2, bo,

ble b2 given iSl Ol A0, All A2.

fe boa1 (95a)

b 0-T(2 - 91)(9b

b- 2 (a 1)2 (95b)

1 + 2 -1

Let the co mo n denominator of Equation 94a through 94c

equal.
b

A *.a (96)

3 T2

-2-

Z 511N It 3 A11 11' ,5 500



0 1 a*'e0

22 _T 1o l

a 2  0 T - e (98a)

2 T 2 T 10 e

!I * a*a

A 2  br (99a)
2 *2 b

4.. bL + bc

.A&6-2a2 bj

A b (99b)

T2 T 0

AO b T2(99c)
*Z +b

2 T 0
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The following got of equations solves for a If ait *2l

bo, bit b 2 given Sol Big At,, A1, A 2.

b 1.

Then bit and b 2 can be found from the matrix equation.

MITY (B -1 ~j(100)

b 2

2 ~ ~ ~ 
0 

IT a1+

Ltthe Eomndnmntro quation 99a through 9ccnb ovdb h

following equations.

a 0 A4 A 1
2T2

a2 A4 % T

L0 -T -J a:: . (102)
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a 0 -T -2 ei (103)

a 0 1 2

The Tustin's bilinear rule yields

4a !a,
A 2 (104a)

A2 " 4b 2b

T 2  T

:2 + 2aoA T 2a0 (104b)

AI 4b 2b

T 2  TO+

4a 2a:1 + =L + ao
T2  T (104c)

Ao" 4b 2b

T 2  T

=1+

I " - 2b

.:B= * 4b(14dT2  T

4b 2b

____2___ (104e)

2 4b 2b
.:I + L+bT 2  T

-.5
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The following set of equation. solves for a0of a1, a2f boo

b1,f b 2 given Sol *1L k A0  A A2

Let eI a-T23111+ 2)

e2 a -T 9 + 1)

Then b I and b 2 can be found fzom the following matrix

equation.

[2B I 4(B 1-2)] 1l [l 15

[2(32.1)? 4(B2 +1) b 12] (:a (15

171 (22 ::::I**'):] (106)

Lot the comiiiiiiiiion denominator of Cquat ion 104a through 104c

equal

5 T2 a

The equations 104a through 104c can be solved f or a0, a1 ,

a2  from the following set of equations.

[ 2 2 2j [ j 'a [ (10o
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[ao [2 20 if 1  (106)

For each of the discretization techniques Just presented

a o, a2, boo b 2 8 and b 2 are all related to K p TIP T2 0

and v 3 through the sam set of equations. Squations 91a

through 921 are used to solve for the pilot model

paramters once having solved for a0of all a2,# b0, bl# b 2 1

for each of the techniques. The quadratic equation is

used for solving for T..

K gao (109)

let a 1.

a 0

a 0

then (110)

T -b + 47 a
2a

the sign is chosen such that TIs positive.

T b: (112)
2 I

The zero-order hold technique Is also used to discretize

8quation 90a. Mhen using the zero-order hold technique

007
I'll -il-



the following format is more convenient than Equation

90C.

0 (3) A28 + a 8 + a0  13
P4  (IS b1 )(84b 2 )

Where

a - (114a)
a2  ' 2 '3

a1 *K (r (114b)

a0  K (114c)

b I (114d)
1 '2

0the zero-order hold approximation to 0 Is given by

Equation 22 where

Em.u a A28 4a is+ a (115)
1 B(B * bl.)(8 + b2 )

an before It Is convenient to use partial fraction

expansion.

LLIJ -~(116)
a 8 Sib1I Sib2

Moere

a (117a)
Il b Ib2



2 + a

X2 -b1 IC-b I b 2)

a2b2 - alb,2 + a 0 (1170)
'3 -bi C-b1 4 b2)

nhe Z-transform of Squation 116 In

Z-1 Z-r4  Z -'

Moere 4 - exp 1  (117d)

rs - exp 2 T(117e)

The zero-order hold approximstion to a0P is

KhO(Z) - (1-Z_ 1) Z 3L (119)

this can be written In Its simplest form as

Hil M * Z2 N (120)
ho ~ z 1 2

Mhere

A2 ar 1 4r 2 4r3(121a)

Al a r 1(-r4-r5)+ * z2(-1-r S r 13(-1Kr4) (121b)

AO0  ~r r * '13'5 4 (121c)

a* I r 4 r (121d)

% a r4 r 5-121e



The zero order hold approximation for a was checked
P4

using known values for K,, Tip T2 # T3 and calculating

A20 All A0, Bi, and 9.These numbers were then compared

to the numbers obtained using the discretize co mma nd

found In MATRIXK * The results are Identical. This

serves to confirm that Equations 114, 117, and 121 are

Indeed correct. Given the values of A 2, All A0, Bit B0

from Identification using the RLS algorithm It remains to

relate these coefficients back to the pilot model

parameters. The following set of equations will

accomplish this.

The quadratic equation my be used to solve

CEquations 121d and l2le simultaneously for r 4 and r5 *
Let a I

b 8

r5  -b+ /b -4c(122)

2a

r4 a -r5 (123)

The above values of r 4 and r5 can be substituted

Into Equations 121a through 121c. Equations 221a through

121c can be written in matrix form as



i A2 1123a)

Zr S r V4Ir A

solving for r1  r2 an 3and three.

A 2r 4 (123b)

and solving Equations 117 yield.

b 10(r4)

T

b 1n(zS)
2 T

a0 - b Ib 2 ri

Lot ela- a 0 - b 2 (-b2 +4Ir

02m- -a 0 - b 1(-b1 + 22

then

nov use~~ 2qain 114 rea2 a2 1 , 0 ,b

to~ ~ th pio0oe aaee.

1 2 _ -91-



b

Ta

3 b

a

K.p blb 2

There are a total of nine discretizations done In this

section. Bach discretization provides equations for going

from the continuous representation of a transfer function

to its discrete representation and back. For a all 4

methods are used. For aP2 only Tustin's bIlinear rule Is

used. For CP4 all 4 methods are used, the coefficients

to the discrete transfer functions will be determined from

the time histories obtained from the realtime

pilot-in-the-loop simulation discussed in the technical

background section. These numerical values for the

discrete pilot model coefficients will be used in

conjunction with the equations developed In this section

to determine the continuous pilot model parameters Kp, r1,

T28 and T3 . Three FORTRAN programs were written for this

purpose. The accuracy of these program were checked by

calculating the values of the discrete coefficients from

known values of Kp, I' T2' and -3.  These values of the

discrete coefficients were then used to calculate the

-92-



values of Kp, TIO T 2 and 13 from the equations developed

In this section. In each case the equations worked

correctly. In the cases where the quadratic equation was

used to evaluate a parameter only 1 solution to the

quadratic equation produced the correct result. The

solution to the quadratic equation that produced the

correct result for the test case is the one that will be

used when the programs are used to solve for pilot model

parameters from discrete coefficients obtained from

applying the RLS algorithm to the realtime simulation

data.
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V. Neal Smith Theory

Neal-Smith Theory is used to predict the pilot

compensation required for a specific aircraft and

bandwidth criterion. The bandwidth criterion selected is

somewhat arbitrary. Neal-Smith Theory will be applied to

the aircraft model of Equation 1 over a range of

bandwidth. The bandwidth used in the analysis will range

from 2.5 to 4.0 radians per second. This will provide a

range of pilot model parameters to be expected from the

Identifications obtained from the realtime simulation

data.

oNeal-Smith theory is applied in the same manner as

was demonstrated in the closed-loop simulation section.

In this section it is repeated for several values of

bandwidth.

The pilot model used is given in Equation 7. The

aircraft model used is given in Equation 1. Equation 1 is

the P-15 pitch transfer function with no time delay.

Figure 28 is a Nichols Chart for the pilot/aircraft system

optimized for a bandwidth of 2.5 radians per second. The

circles on the plot are spaced at intervals of .5 radians

per second. The circle that represents 2.5 radians per

second is as close as it will come to both standards of

performance. Figure 29 is a Nichols Chart for the

-94-
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pilot/aircraft system optimized for a bandwidth of 3.0

radians per second. The Meal-Smith analysis Is done again

for 3.5 and 4.0 radians per second. The results of all

four optimizations are presented in table 3.

2.5 7.0323 .1200 .01

3.0 7.4728 .1933 .01

3.5 6.6464 .3571 .01

4.0 4.S417 .6252 .01

Optiml Pilot Models Calculated Over

a Range of Bandwidth Criterion

Table 3
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VI. Identifications

The aircraft model longitudinal dynamics are

represented by Rquations I and 2. The aircrafta time

delay Is represented by Equations 4,, 5 and 6. Aircraft of

different tim delays are modeled by multiplying Equations

4, 5 or 6 by Equations 1 and 2. These different aircraft

are then flown at the light bank and time histories are

generated for Identification. In this section, 4 different

runs are examined In great detail. Table 4 describes the

aircraft and the light switching sequence used for each

run.

Light Sequence
22211

Baja Del~kayLsJ (Sc 21 1
1.0 4 6 6

2 .0 S 6 S

4 .1 4 6 S

5 .2 S 6 a

Description of Test Runs

Table 4

Run 4 and run S are included for comparison with run 1 and

ran .2. The light sequence for a particular run can be seen

by comparing the sequences in Table 4 to the light bank In

Figure 30.
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These sequences were chosen because they approximate

a purely longitudinal task. Data for other sequences is

available but contains segments of purely lateral

svitching which Is not needed for identification of the

longitudinal pilot model. The runs described in Table 4

eore chosen because aircraft of different time delays were

flown at the sam light sequences. This will allow direct

comparison of pilot model parameters for aircraft of

different time delay that are performing the sam task.

Meal-Smith Theory predicts an increase in pilot lead and a

decrease in pilot lag when the aircraft time delay Is

Increased.

Runs I and 2 both employ the aircraft vith zero time

delay. Runs I and 2 will be used as a basis of comparison

for Runs 4 and 5. Run 4 employs the aircraft vith 100

milli-seconds of time delay and Run S employs the aircraft

with 200 milli-seconds of time delay. Run I and run 4

were conducted using the sam light sequence. Run 2 and

run S were also conducted using the same light sequence.

In order to apply the RL3 algorithm it was necessary to

break the data up into 3 segments for each run. Bach

segment corresponds to the time period where the pilot is

attempting to minimize the pipper errors to a particular

light. Bach time the light is switched a separate

identification was done on that segment of the data. The
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0 segments are labled 1, 2 and 3 as shown in Table 4. The

identification was done In this manner so that the RLS

algorithm would not be used on data with large

discontinuities in the pipper errors. Breaking up the

data into separate segments will also allow for direct

comparison of the pilot model parameter identified for a

particular segment.

An alternate method for taking into account the pilot

time delay viii also be used. Since pilot model 1

provides no mans of identifying the pilot delay, the data

stream will be shifted in time before application of the

RLl algorithm in order to account for the delay in pilot

output. Two different pilot time delays will be examined,

T - .s and T a .2s. A pilot delay of T a .38 was also

tried but the fiterr became much greater and the values of

T I and T2 became unrealistic. Figures 31 through 38 are

time histories of the control stick input and pipper

errors for each run. The longitudinal control stick

deflections are labled 3LV and are given in milli-mters.

The longitudinal pipper errors are labled TPIP3RRY and are

given in milli-radians.

Identifications

The pilot model parameters identified using pilot

model I with no representation for the time delay are

contained in table S through 10. Also contained In table
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S through 10 are the pilot model parameters identified

when the data streams are shifted to account fox the pilot

delay. Pilot time delays of .1 seconds and .2 seconds are

represented. The identification using Pilot 2 are

contained in Table 11 and the identifications using Pilot

4 are contained in Table 12 and Table 13.

In Table 5 through Table 13, the following

abbreviations are used:

FRR - Forward rectangular rule

BRR - Backward rectangular rule

TUST - Tustin's bilinear rule

ZOH - Zero order hold
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Pilot 11 Segmant 11

Run #1 Run #4

iK I !a

No data shift

FRR 57.96 .1607 1.6778 47.24 .2607 1.5924

MRR 57.96 .1357 1.6528 47.24 .2357 1.5674

TUST 57.96 .1482 1.6653 47.24 .2482 1.5799

zoR 57.96 .1595 1.6653 47.24 .2587 1.5798

Data Shifted for pilot delay of A1s

FRR 41.49 .5742 1.9084 1.66 6.1688 -.6394

ORR 41.49 .5742 1.6634 1.68 6.1636 -.6644

TUST 41.49 .5617 1.8959 1.66 6.1763 -.6519eU ZON 41.49 .5704 1.6959 1.88 6.3090 -.6518

Data shifted for pilot delay of .2s

FRR 22.95 1.2017 3.0120

ERR 22.95 1.1767 2.9670 Numerical difficulty
due to the closeness

TUST 22.95 1.1692 2.9995 of the discrete
coefficients.

ZOH 22.95 1.1967 2 .9995

Pilot model paralmeters Identified for Run 1 and Run 4 (Segment 1)

Table S.
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Pilot #1 Seqnnt #2

Run #1 Run 14

No data shift

FRR 10.11 -.5869 .3771 6.92 -.6225 .3264

SIR 10.11 -.6119 .3521 8.92 -.6475 .3014

TUST 10.11 -.5994 .3646 8.92 -.6350 .3139

ION .10.11 -.5673 .3644 8.92 -.5983 .3137

Data Shifted for pilot delay of Is.

FRR 9.56 -.0336 .9225 11.49 .0006 .6261

DIR 9.56 -.0586 .8975 11.49 -.0244 .6031

'lUST 9.56 -.0461 .9100 11.49 -.0119 .6156

Ca ZON 9.56 -.0331 .9100 11.49 .0005 .6156

Data shifted for pilot delay of .2s

FRR 9.26 .0457 1.1261 10.71 -.0100 .4836

SIR 9.26 .0207 1.1011 10.71 -.0350 .456

'lUST 9.26 .0332 1.1136 10.71 -.0225 .4711

ZOH 9.26 .0452 1.1136 10.71 -.0097 .4709

Pilot model paramters Identified for Run 1 and Run 4 (Segment 2)

Table 6.
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Pilot 11 Segment #3.

Run 01 Run #4

No data shift

VRR 10.6 -.4966 .7310 9.40 -.4900 .4744

ORR 10.8 -.S238 .7060 9.40 -.5150 .4494

TUST 10.8 -.5113 .7185 9.40 -.5025 .4619

SOH 10.8 -.4902 .7184 9.40 -.4770 .4618

Data Shifted fox pilot delay of -Is

PER 14.57 -.2298 .7102 12.97 -.1493 .5365

ORR 14.57 -.2548 .6852 12.97 -.1743 .5115

TUST 14.57 -.2423 .6977 12.97 -.1618 .5240

S ZOM 14.57 -.22S8 .6977 12.97 -.2458 S5239

Data shifted for pilot delay of .2s

PER 14.79 -.1320 .7246 12.53 -.0780 .4873

ORR 14.79 -.1570 .6996 12.53 -.1030 .4623

TUB? 14.79 -.1445 .7121 12.53 -.0905 .4748

Z0K 14.79 -.1297 .7121 12.53 -.0759 .4747

Pilot model parameters Identified for Run 1 and Run 4 (Segmnt 3)

Table 7.
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Pilot #1 Begmnt 11

Ron 12 Ran #5

No data shift

FRR 6.12 .8209 -.9294 2.62 5.6927 -.8306

ORR 8.12 .7959 -.9544 2.62 5.6677 -.8556

TUST 6.12 .8064 -.9419 2.62 5.6802 -.6431

ZON 6.12 .8319 -.9416 2.62 5.7779 -.6430

Data Shifted for pilot delay of .15

VRR 6.46 1.4589 -1.0776 10.75 -6.4349 -.9294

ORR 6.46 1.4339 -1.1026 10.75 -8.4599 -.9544

TUST 6.46 1.4464 -1.0901 10.75 -6.4474 -.9419

z ON 6.46 1.4758 -1.0900 10.75 -8.5479 -.9416

Data shifted for pilot delay of .2s

FUR 7.42 1.5991 -1.2825 7.94 -3.9000 -1.5625

3RR 7.42 1.5741 -1.3071 7.94 -3.9250 -1.5875

TUB? 7.42 1.5866 -1.2946 7.94 -3.9125 -1.5757

SON 7.42 1.6147 -1.2945 7.94 -3.9311 -1.5750

Pilot mdel paramters Identified f or Ran 2 and Ran 5 (Segmnt 1)

Table S.



Pilot 01 Segment 12

Run #2 Run #5

:I i, !UK1

No data shift

FUR 12.04 .2158 .9259 10.75 .0666 .9615

333 12.04 .1908 .9009 10.75 .0416 .8365

TUSY 12.04 .2033 .9134 10.75 .0541 .9490

ZON 12.04 .2129 .9134 10.75 .0657 .9490

Data Shifted f or pilot delay of -Is

VRR 11.95 .3404 .9804 10.65 .2419 1.2626

333 11.95 .3154 .9554 10.65 .2169 1.2376

YUSF 11.95 .3279 .9679 10.65 .2294 1.2501

S ZOH 11.95 .3361 .9678 10.65 .2395 1.2501

Data shifted for pilot delay of .2s

FUR 11.44 .4552 1.0730 11.15 1.3132 3.048

3RB 11.44 .4302 1.0460 11.15 1.262 3.0238

TUST 11.44 .4427 1.0605 11.15 1.3007 3.0363

2014 11.44 .4499 1.0604 11.15 1.3076 3.0363

Pilot model parameters Identified for Run 2 and Run 5 (Segment 2)

Table 9.



Pilot #1 Segment 03

Run #2 Run 05

No data shift

VRR 37.4 .1382 1.9685 11.86 -.2245 .3592

MR 37.4 .1132 1.9435 11.66 -.2495 .3342

TUST 37.4 .1257 1.9560 11.86 -.2370 .3467

ZON 37.4 .1374 1.9560 11.86 -.2166 .3425

Data Shifted for pilot delay of .18

VER 16.5 .1741 1.6778 10.65 .2419 1.2626

MRR 18.58 .1491 1.6528 10.65 .2169 1.2376

TUST 18.56 .1616 1.6653 10.65 .2294 1.2501

@ZOK 18.56 .1726 1.6653 10.65 .2395 1.2501

Data shifted for pilot delay of .2s

FRR 4.72 -1.0063 1.9380 12.15 -.1272 .4424

MRR 4.72 -1.0313 1.9130 12.15 -.1522 .4214

TUST 4.72 -1.0188 1.9255 12.15 -.1397 .4339

ZOK 4.72 -.9497 1.9255 12.15 -.1236 .4338

Pilot model parameters identified f or Run 2 and Run 5 (Segment 3)

Amb Table 10.
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Pilot *2
Ron 81

1 -.0080 3.3769 -0.0267 -0.04S0

2 -.0316 .1388 -0.0266 .1860

3 -.0409 .0310 - .0274 .3991

Run 02

1 -.0112 4.714 -0.0272 -0.0009

2

3 -.0105 0.0359 -0.0255 0.2718

Pilot Model parameters Identifiled using pilot

model 2 for Run 1 and Run 2.

(Tutin's bilinear rule)

Table 11



Pilot 14

Segment #1

K

FER 4.0 -. 2731 .1190 .7503

MR 4.0 .0355 4.1837 -3.3644

TUST .1572 3.3768 .8923 -0.0480

tON 4.0 5.5261 .1060 .7377

Segment #2

BRR 6.4 -.1985 .4126 -.1263.~ TUB? .2573 .1368 .1253 .1860

tON - -

Segment #3

IRE 9.46 .0360 .0923 .4670

BRE 9.46 -.4116 .5276 -.0185

TUB? .3724 .0310 .1352 .3991

tON 9.46 -.2665 .0791 .4544

Pilot Model parameters Identified using pilot model 4 for Ron 1

Aft Table 12



Pilot 14

Run 12

Segment 11

FRR -2.2281 -.8781 -.5057 .0723

MER -2.2281 -.0116 4.2180 -4.7015

TUST .0877 4.7141 -.4576 -0.0009

ZOH -2.2281 .6599 .0589 -0.5181

Segment 13

FRe DR 1.7294 -.2843 .0478 -.0234

TUST .0661 .0359 -.2223 .2718

ZON

Pilot Model Parameters Identifiled using pilot model 4 for Run 2

Table 13



The section will discuss the identifications of Table

5 through Table 13 and their relationship to the pilot

ratings.

Neal-Smith Theory predicts that as the aircraft time

delay increases the pilot must compensate for this by

adding more lead. Adding more lead required a higher work

load and a higher work load leads to higher pilot ratings

on the Cooper-Harper rating scale. This was seen to be

the case for the aircraft flown in this test. The higher

the time delay added to the aircraft model the worse the

pilot ratings became. This is a well known fact in flying

qualities research and was expected.

The exact pilot model parameters predicted by

Neal-Smith were not identified. This may have been due

in part to the error bias introduced by the pointing

accuracies of the terrain board camera. This may also

have been due to the fact that the pilot's attention was

diverted to the lateral task. However, if the pilot

model parameters identified in run 1 and run 2 are

established as a baseline of comparison for run 4 and run

5 some Interesting trends can be seen. Since It is

not clear at what frequency the pilot is operating, the

lead and lag will be examined to determine trends in pilot
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compensation rather than calculate the pilot angle at some

arbitrary frequency.

Meal-Smith Theory predicts an increase in the pilot

compensation to compensate for aircraft time delay. An

increase in pilot lead and a decrease in pilot lag will

yield an increase in the angle of total pilot

compensation. This can be seen to be the case when

examining the pilot model parameters identified in Table

5 through Table 7. Pilot model 1 is used in each case.

The aircraft in run I has no delay while the aircraft in

run 4 has a 100 milli-sec delay. Both are flown at the

same light sequence. If the values of lead and lag

calculated in run 1 are used as a basis of comparison for

Irun 4 it can be seen that the pilot lead Increases and the

pilot lag decreases in each of the 3 segments. It can

also be seen that the pilot lead increase and the pilot

lag decreases when the data Is shifted by .1 seconds and

.2 seconds to make up for pilot delay. The fact that the

pilot will increase lead compensation and decrease lag

compensation for an increase in the angle of total pilot

compensation can be seen in Table 5 through Table 7. All

discretization techniques provided similar results for

pilot model 1. No technique appeared to be superior to

any other.

Table S through Table 10 provide a similar comparison

for run 2 and run 5. When comparing run 2 and run 5 it can
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be seen that in segment I and 2 the pilot lead decrease

and the pilot lag increase. This Is not what is expected

to be the case. However, segment 3 yields the expected

results. This cannot be explained by the Neal-Smith

Theory. It could be explained by an unusually quick gross

acquisition leaving the pilot an unusually large amount of

time to apply lag compensation for good steady state

accuracy.

With the exception of segments 1 and 2 of runs 2 and

5, Table 5 through Table 10 show an increase in the total

pilot angle contribution that Is predicted by Neal-Smith

Theory.

Table 11 presents the pilot model parameters

Iidentified for pilot model 2. The discretization

techniques used on pilot model 2 is the Tustin's bilinear

rule. The identifications gave negative values for Kp

and T 3. For this reason it was excluded from further

consideration.

Table 12 and Table 13 give the pilot model parameters

Identified for pilot model 3. The same problem exist as

for pilot model 2. The inaccuracies In TV3 , the pilot

delay exclude the model from further consideration.

Pilot onenta

Pilot coinents and Cooper-Harper ratings were

recorded during testing. Runs I and 2 were flown using
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the aircraft with zero time delay. The pilot describe the

aircraft with zero time delay as follows.

...did not use roll much, slight pitch bobble
in fine tracking, it gets a pilot rating of 3
in pitch and a level I all around..." (121

The pilot gave the aircraft with zero time delay a

Copper-Harper rating of three which is from Figure 2,

level 1 flying qualities.

After flying a few runs with the aircraft with a time

delay of 100 milli-seconds the pilot was asked to give his

ratings. His response was:

" gross acquisition acceptable, fine tracking
is annoying...it gets a pilot rating of 5 in
both axis..." (121

From Figure (2) it can be seen that a Copper-Harper rating

of 5 corresponds to level 2 flying qualities.

The aircraft with a time delay of 200 milli-seconds

was flown and received the following pilot comments.

*...definitely has problems, unpredictable,
pilot rating of 7 in pitch, same problem as
before, small bobble not really a pilot
induced oscillation...0(121

A Cooper-Harper rating of 7 corresponds to level 3 flying

qualities.

One may conclude from the pilot comments that the

aircraft flown in run I and run 2 is a level I aircraft.

The aircraft flown in run 4 is a level 2 aircraft and the

aircraft flown in run 5 is a level 3 aircraft.
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VII. Conclusions and Recommendations

Cn BLLUDL

Heal-Smith Theory accurately predicts the increase in

pilot compensation for aircraft of increasing time delay.

This was seen by comparison of run 1 to run 4 and run 2 to

run 5. Pilot model I provided the most accurate results.

Modeling of the pilot time delay proved to be difficult

and unnecessary. Inaccuracies in the pilot delay

identified will throw off the other term In the

identification. Shifting the data is the best way to

eliminate pilot delay from the data. For low order

C transfer functions all methods of discretization provided

similar results although the frequency domain plots

indicate that Tustin's bilinear rule was the best.

Therefore, the simplest method could be used without any

loss in accuracy.

Recommendations

One well known method of discretization pole-zero

mapping was not attempted in this work. The pole-zero

mapping technique maps a pole or zero in the S-plane

directly into the Z-plane. This method could be used and

compared to the results obtained by the other methods.

The data used for the identifications in this work

was not obtained for a purely longitudinal task. The
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pilots attention was Inevitably diverted from time to time

on minimizing lateral pipper errors. The longitudinal

pipper errors are never completely zero. This was not taken

into account in this work. Lateral pilot dynamics should

be taken into account. There Is a need to determine when

the pilots attention becomes diverted to the lateral task.

Since the human pilot is inconsistent a statistical

approach could be taken were the parameters are averaged

over many runs where the pilot is flying the same task.

It would also be helpful to know the sensitivity of

the RLS algorithm to noise and pilot remnants when trying

to identify the pilot delay. A closed loop simulation

could be used to generate synthetic data for this purpose.

matrix x cannot identify an improper transfer

function. This made the use of a lead only pilot model

Impossible. Further investigation into the lead only

pilot model could be useful.

0
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PRCGRAk IDEN.T

ESIAS(0: 1100), CDELPRC0:1100)tPSI(391100)
LO(LTCAL FIRST

EC-1)a 0.*
I" DLLP(-2)*O.

DELPC-1)aO*q Tm MA-3)=C.
TmEiTA(-2)aC*

£ D%; 30 JZ112
Di1c1=191100

* PsIGqj)=o.
30 C0N%:qIUE

* f 10 1010
c(I)x 0.
Eb!AS(!)=0.

10 C .jN T 1'.4U-

it C S:7 1INFUT TIME~ V'STCRY C EFE;ENCE NEAL-SPITq PG 23

IF(Joj;j. 00.'4..T.v THETAC(J)z 0.0
IFCj* . .4C *ANC.J.LT~lOO ) T&,ETAC(J)z -1.0

IFJ.o1C ADJJLT.170 ) T'q=TACCJ)z -2.0
*IF(J.,-i-;.17C *ANZoJ.LT.19C )THSTACCJ)w 0.0

IF(Jo.-i.190 . %Z.J.LT.Z30 TI4ETAC(J)z -1.0
IF(Jo...Z3C .ANZ.J.LT.303 ) WETAC(J)= 0.0

IFJ..3 o ANWV.J.LT.340 )TMETAC(J)z 4.0
* IFjC~.4 .AioJ.LT.410 TIETAC(J)m 1.5

IFCJeGf;:.41G *A%\oJ.LT.'20 ) MSTAC(J)a -1.0
IF(Jo.a.42C *Ak^ .J.LT.44O THETAC(J)z -1.5

* I(J*G..4'C oAND.J.LT.50 ) TI4ETACCJ)z -2.0
1FCJout..50C *AS.J.LTo.5A0 )TP;TAC(J)z 0.0

6IF(JoG.56C .ANV~.J.LT.c9O TMFTAC(J)z -2.5
I~(J~:. 4C%:,,.J*LTA10 )ThFTAC(J): 0.0

IF(J*.*61Cw .AN7.JoLT.6?0 )THETACCJ)m 3.0
SIF(Jo0.;.63C AMNO*JoLT.720 )THETAC(J)z 0.0

IF(JoG~.7ZC oAN0.J.LTe77O ) HETAC(J)a 5.0
IF(J*%'E.77C oAN~oJeLTeBaO TI4ETAC(J)u 3.0£ I(JeGke880 oANC*JLT,910 )THETAC(J)u 4.0
IF(JoGEo9lC *ANCoJ*LT.960 ) TIIETACCJ)u -1.0
IFCJoGE.960 eANC..JoLTo980 ) THETACCJ)x -1.5

*IF(JoGEo980 eAG*J*LTo1000) Tt4ETAC(J)u -2.0
lFCJ-GE.1oOOANC*J*LTo1010) 1I4ETAC(J)z -1.0
IF(JoGE*1010oANCoJ.LT.1020) THETAC(J)a -0.5,IF(JoGE91020) THETAC(J)a 0.0

11 CCkTINJE

£C CALCULATE CCEFFICIENTS FOR THE OPTIMUM PILC MODEL
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TA~x *I
TALILAG a
TAUI=*1S33
TALZzoOl

G / 2.AUAG2

RIKPa.Z942

DENOM IS ( TAJZ 4TAU3)
AG a RIKP/DENC

(Al a RKP * ( IAL,1 TAU3 ) / C
AZ2 -RKP 4 ( TAUl TlUl ) / CP

51 a TAi,2 + TVJU? ) / C~

0 -CP l./(TAUX*:T.'J) * F1/TAU * 0)

Am'03 C AZ/(TAU..T.,i) + Al/TAUl + Ao )/OEKNOMZ
AAl= ( -2*~( uT.)-A1/TAU )/CENCM2

(AA2z C AZ/(TM.J*TAU) )D-Nm
b~lz ( Zo/CT'ALTAU) * ;il/TAL )/DFNCPD2
882= C-l./(TZLP*TAU) )/,:EXO2

C Prt 1iT CiT CZ:i 'F.Cl'--!TS F21 PILCT MOCEL

P~iT *,'Ttu = 0Tl
PRINT 2*,'TAUI x ',pTAUI
P~ltvl* IOT A t.2 a ',TAU26 RlT *OT~u,3 = 69TAU3
Pk&j:.T ;;g lok(s- 2 = ; -

PRINT *,A = 2SA

*PRINT 49'41 gA

4PRI%:T 369A : 9t:)
PRINT WEI 9eiEl

P R :~ TI :;; C Mm A A Z 9 A

AIC M7 .2 a

1900 1?*IC9P*24o
DEtIGMm C1.,TA.**3. + C2/TAL**2. * Cl/TAU * CO). CCla - -39/TAL**3. -2o*C2/TAU**2* -CIITAU )/DENOM
CC22 - 3./TAU*'3* + CZ/TAU**2. )/ENCP
CC32 C 1./TAU**3, )/cC
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( DO: C 0211U + DO )/iENCMd
DU1 (-eJIlTmU )/WEN010

C P~RINT CUT ECCEFICIENTS FC 7H- AIRCRA'T 140CEL

(SPRINT *96
PRINT *6CC m ,9CO
PRINT *,,CI a loci
PRIN4T *,'C2 a *

IPi.lNT *,'OC oc
PRINT *,01 z ',C
PiINT **CC1 z 0,CCI
PRlNT *,'CC2 z 9CC2

(Pk;1NT *9 *C =a0c,

PR~INT *ti 3

PRINT *0

£C OPtN FILE: ;-nATA TD P,,

OPENC4,f- ICUTtAT.,STATLIS;NcWI)

£ iWRITtC492'd1.-)

* C13 FwRMAT(X9 495Ce) ,X90'CSL CIN) 1,5X9* THETACOEG) sx
C OPERATL L0CP*-k~o

7.4ETA(K)xY
*91Z a 9-Loz ,T'4r;TAS ',E(!.),LELP(K),Tt4ETDCK),TNET$CCK)

*C Ll~(qu0rK

20 C~hTNTL

Q SUORGUYINE F15(L,,YPIRST)
DIVENSION A7(3,3'),!7T3),CTC!),XT(3),XTOC3)

* LiGICAL FIRST

I F IR ST )TI EN, PFIfSTx*FALSE,.

*1(1 ,Z)**O5AT*3zeo%
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(AT(Z.1)xO.Sl
AT(Z,3)u.OE 0.
AT(391)xO.
AT(3,Z)8-.7240

BT(l)u.OO0)16777
57(Z)ae042030C

CTCZ)x.946C 2:
CT(.3)z C.

£ XTuC)z.

XT(!):z.

1*6
XT()MOS

5 DJN 1-4JL,

DO 20 1.1,-'

YT=CT(1)*xT CI)

0O CONTIN.U:

*Ejk,



RIIL IOUDATA tE. DELP, THETA, THETAC)
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ERRC&F C l ) THETACDEG) T 1 ETAC (PEP)

0.000 0,0030 0.0000 0.00000
0.0000 0.0000 0.0000 0.00000
0.0000 0.0000 C.OOCO C.00000
0.0000 C.0003 0.00c0 C.00000
0.0000 0.0000 0.0000 C.00000
0.0000 C.C0 0.0000 C.00000
0.0000 C.20n 0.0000 C.00000

( 0.0000 o.0 0.0000 C.00000
U.0000 O.0000 0.0000 C.00000O.Oco0 .Oo 0.0000 0.00000

0.0100 0.0003 0.0000 C.00000
0 O.aCw0 C.0)90 0.0000 C.00000
o*' 0.0300 0.OCO 0.00000

0.0300 0.0000 C.00000
* 0.(3 0.0 3) 0.O00O C.00000

O.C~.~~. 0.OOCO C.00000
0 . 0.0000 C.00000C 0e~.0 J.. 0..0.J30 0.0000 0.00000
00)0 0.0000 C.00000

O.G O3 0.0000 0.0000 0.00000C Oo C.00O 0.0000 0.00000
0.0030 0.'0O 0.0000 0.00000
OO333 2.00o3 0OO000 0.00000
0.0CC0 0.0030 0.0000 C.00000

2*CC .0)10 0.0000 C.00000
OC"OO .000 -0.0000 C.00000

0,0000 0.0100 0.0000 C.00000
.OoO 0.00"l 0.0000 C.00000

0.00 .C3)I 000100 0.00000

* 0.CWGjL.c0 0.0000 0.00000
0.0000 0.0000 0.0000 C.00000
0. 0.030 0,0000 0.00000
O .OuO 0.CCOO 0.0000 C.00000
00000j 0000 0.0000 0.00000

o %1.0)000 0.0000 C.00000
*0*030O, 0.000C 0.0000 0.00000

O.0*.j .20 0.0000 0.00000
0.0000 0.0330O 000000 0.00000

60.0303 0.0300 0.0000 0.00000
0.oCoo o.C.oo 0.0000 C.00000

0.ij .00-30 0.0000 C.00000
S.OCcoa 0.0000 0.0000 C.00000

0.COUo O.ooo 0.0000 c.00000
00030 3020 o.OoCC o.00000
O.0~0O 0.0000 O.0000 0.00000
00000 0.0000 0.0000 0.00000
O.000 0.000 0.0000 0.00000
0.0000 0.0030 0.0000 C.00000
000000 0.0000 0.0000 0.00000

-1.0000 0.1559 0.0000 -1.00000
*-100000 -0*30'3i 0.0170 -1.00000

-1.0170 -0.3262 -0.0204 -1.00000
-0*9796 -0*3Za5 -0.0490 -1.00000
-009510 -0.3i69 -0.07E2 -1000000
-0.o236 -0.2912 -0.0954 -1.00000
-09S046 -0.277S -091145 -1.00000£-0.8.d5o -002699 -0.1293 -1.00000
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C -0.8707 -0.2625 -0.1455 -1.00000
-0. 45 -0.2577 -0.1591 -1.00000-0.8409 -0,2523 -0.1743 -1.00000

-0.8257 -0.244 -0:1974 -1.00000
-0.8126 -0.2435 -0.2020 -1.00000
-0.7v0 -0.239s -0.2147 -1.00000
-0.7S53 -0.2353 -0.2288 -1.00000
-0.7712 -0.2117 -0.2412 -1.00000
-0.7588 -0.2274 -0.2547 -1.00000
-0.7453 -C.2:39 -0.2668 -1.00000
-0.7332 -0.7197 -0.2757 -1.00000

q -0.7203 -0.2163 -0.2914 -1.00000
-0.7066 -Co21Z2 -0.3039 -1.00000
-0.bil -C.7090 -0.3153 -1.00000

* -0.6i47 -C.2052 -0.3273 -1.00000
-0.727 - .20ZO -0.3383 -1.00000
-0.6617 -0.1934 -0.3498 -1.00000

* -0...02 -0.1952 -O.36C5 -1.00000
-0.63,3 -0.1917 -0.3716 -1.00000
-0oEZ -U.1 -0.3820 -1.00000

q -0.6180 -2.153 -0.3927 -1.00000
-0.073 -C.1$3 -0.4028 -1.00000
-0.572 -C.171i -0.4131 -1.00000
-005 -0.1762 -0.4228 -1.00000
-0.5776 -C.1731 -0.4327 -1.00000
-0.5o73 -0.1703 -0.4421 -1.00000
-0.579 -0.1673 -0.4517 -1.00000
-0e*.4 -00. -0.461S -1.00000
-O.53iz2 -C.1517 -0.4700 -1.00000
-0.:,03 -0.1 -0.47?8 -1.00000
-0.5212 -C,153? -0.4877 -1.00000
-0.5143 -' .1:37 -0.4963 -1.00000
-0.5037 -C.i11 -0.5048 -1.00000
-0.4 5 -0.1i6 -0.5131 -1.00000
-0.466 -C.14 0 -0.5214 -1.00000
-0,47o: -0.14-3 -0.5293 -1.00000
-0.4707 -0.1412 -0.5373 -1.00000
-- 0.12w -0.5450 -1.00000
-O.4;30 -0.134 -0.5527 -1.00000
-0..7. -0.1342 -0.5602 -1.00000
-0.,5 -0.1313 -0.5676 -1.00000
-0.4 24 -. 12 7 -0.5748 -1.00000

-.C274 -0.5820 -2.00000
-2.442 -0.5719 -2.00000S -1.'2z -0.449! -0.6163 -2.00000

-1.o7 -. 44-7 -C.5516 -2.00000
-1.34i4 -0.42 -0.6855 -2.00000
-- & -,).40-- -0.7112 -2.00000

-1.2a -C.3,?1 -C.7?67 -2.00000
-1.2633 -0.32 -0.7578 -2.00000
-1.2422 -0.2739 -0.7503 -2.00000
-1.2197 -0.3673 -0.7999 -2.00000
-1.2001 -0.3t32 -0.9211 -2.00000
-1.1789 -0.354? -0.8401 -2.00000
-1.1599 -0.3477 -0.P605 -2.00000
-1.1395 -0.3423 -0.87?9 -2.00000
-1.1211 -C.3350 -0.99p5 -2.00000
-1.1015 -0.330Z -0.9165 -2.00000
-I. 3 -0.324 -0.9353 -2.00000
-1.0047 -0.31'7 -0.9527 -2.00000
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( -1.G473 -0.3139 -0.9709 -2.00000
-1.0 1 -0 .3090 -0.9877 -2.00000
-1o0123 -0.30?4 -1.0052 -2.00000
-0.oS4b -0.2 86 -1.0216 -2.00000
-0.9784 -0.2933 -1.0384 -2.00000S -0.iclb -O.S6 -i.0542 -2.00000
-0.9458 -0.2835 -1.0705 -2,00000
-0.9295 -0.27 0 -1.0359 -2.00000
-0.9142 -0.2741 -1.1014 -2.00000
-0.6986 - .Z,7 -1.1162 -2.00000
-0.8838 -O.Zt3 -1.1313 -2.00000
-0.8687 -O.L 07 -1.14!7 -2.00000
-O.di43 -0.21t2 -1.1602 -2.00000

.2:23 -1.1741 -2.00000
( -0.8259 -0.2476 -1.18?1 -2.00000

-0o.E11 -0.2 -1.2015 -2.00000
-0.7985 -0.2394 -1.2150 -2.00000
-0.7p50 -0.2: -1.2290 -2.00000
-0.7720 -O.2?1 -1.2411 -2.00000
-0.75ii -0.2277 -1.2536 -2.00000

( -0.746' -0.223 -1.2662 -2.00000
-1.27P3 -2.00000

-0.7217 -C.2164 -1.29c! -2.00000
-0.; - .212c -1.3022 -2.00000

-0.2392 -1.3129 -2.00000
-0. -1.3253 -2.00000

* -0.6747 -0. -  -1.3366 -2.00000
-0o60.5 -1.3475 -2.00000

-0.196 -1.3585 -2.00000
*I -Z.41 - ,ie2' -1.3691 -2.00000

-0.!309 -. 102 -1.3796 -2.00000
-1.3858 -2.00000

-0.6 31 0.1 20-1.4000 -2.00000
-OeO -1.4099 -2.00000

-0.4901 -0.1740 -1.4197 -2.00000
,m -0. . -O.I?'. -1.4293 -2.00000

-0o5707 -0.1711 -1.4387 -2.00000
-0.S 1 -C.i = -1.4430 -2.00000S -0.550 -0. 55 -1.4571 -2.00000
-0o-0.1 -1.4661 -2.00000

-0.1601 -1.4749 -2.00000
S -0., -0.1575 -1.4835 -2.00000

-0.51c5 -0.15 -1.4920 -2.00000
-1.5004 -2.00000

S -0. 6 -0.149 -1.5086 -2.00000
-J.1473 -1.5166 -2.00000
-0.1442 -1.5246 -2.00000

-0..154 -0.1425 -1.5324 -2.00000
-0.4676 -0.1402 -1.5400 -2.00000
-0.4400 -0.127 -1.5476 -2.00000
-0.4524 -0.1?tt -1.5550 -2.00000
-0.4450 -0.1334 -1.5622 -2.00000
1.5622 -0.44B. -1.5694 C.00000

* 1.694 0.4t5 -1.6104 0.00000
1.6104 0.5254 -1.5425 0.00000
1.5'25 0.5321 -1.4920 0.00000
1.4920 0.4508 -1.4444 0.00000
1.4444 0.4615 -1.4124 C.00000
1.4124 0.4369 -1.3808 0.00000
1.3aci C.'229 -1.3575 0o00000
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1.3575 0.4099 -1.3313 0.00000
1. -313 0. 2-1.-1 3 C.O00000
1.:103 0."n31 -1.285s 0.000000

10265o 0.3S72 -1.2655 000000
1.2655 0.379? -1.2422 0.00000
,Z42 1. .2 0.3736 -1.2223 0.00000

1.2223 0.3-?2 -1.1999 0.00000
1.139 0.35O -1.1805 0.00000
1.1d05 0.3537 -1.1550 0.00000
1.1590 0.34;t -1.1401 0.00000
191401 0.3417 -1.1194 0.00000
1.1194 0.33 ,4 -1.1011 0.00000
0.1011 0.O4$ -1.0912 -1.00000
0.C 12 0.o1i -1.0464 -1.00000
0.0464- -C.07o 4 -1.0648 -1.00000
0.06-8 -0.01'7 -1.0761 -1.00000
0.0761 C.0011 -1.0949 -1.00000
0o 4 0.1'11e -1.0873 -1.00000
0.0b73 0.0195 -1.0827 -1.00000
0. z7 C.22Z7 -1.0872 -1.00000
0,07& 0.02'.r -1.0865 -1.00000
0. Wi 0.024; -1.0343 -1.00000
0.0643 0.0Z52 -1.0831 -1.00000
0000 1 0.02-- -10010 -100000
0.0l 0.024Z -1.0778 -1.00000
O.V7a 0.0237 -1.0778 -1.00000
0.C772 0.02,46 -100766 -1.000000

0.07o * -1.0747 -1.00000
0.0747 0.0226 -1.0735 -1.00000

00.073 1.220 -1.0713 -1.00000
0.C71e 0.0217 -1.0706 -1.00000
3.0706 0.0:11 -1.0689 -1.00000
0.09 0.C20 -1.0678 -1.00000
0.u%7 0.3203 -1.0662 -1.00000
0.0662 0.020f, -1.0651 -1.00000
0.0c01 ,.31: -1.035 -1.00000
0.06i5 0.0192 -1.0624 -1.00000
O.Cc;. 0.017 -1.0610 -1.00000
0.0610 C1 4 -1.0559 -1.00000
0.03 0.0130 -1.05E -1.00000
0.05cz 0.0177 -1.0574 -1.00000
0oG57 v.0172 -1.0561 -1.00000
000161 0.017C -1.0551 -1.00000
0.001 0.01'F -1.0538 -1.00000
0.0, 0.01 ? -1.0528 -1.00000

-1.0516 -1.00000
0.0516 0.015 -1.0506 -1.00000
*O.3 c 3.0152 -1.0494 -1.00000
0.0494 0.019 -1.0484 -1.00000
0.0404 0.0146 -1.0473 -1.00000
0.0473 0.0143 -1.0464 -1.00000
0.0464 0.0140 -1.0453 -1.00000
1.0453 -0.1O432 -1.0444 0.00000
1.0444 0.3222 -1.0604 C.00000
1.0604 0.3393 -1.0221 0.00000
l.0 Z1 0.3413 -0.9925 0.00000

iS 0.925 0.3194 -0.9645 0.00000
0.5645 0.3034 -0.9443 0.00000
0.9443 0.2e99 -0.9244 0.00000
O. 244 0.2816 -0.9087 0.00000
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(0.9087 0.2739* -0.8916 0.00000
0.8916 0.26F9 -0.8772 0.00000

( 0.77Z 0.2632 -0.8612 0.00000
0.661i. 0.2592 -0,8472 0.00000
0.8472 0.,2540 -0.8319 C.00000
0.8319 0.2501 -0.9183 0.00000
006183 0.2453 -0.8035 0.00000
0.8035 10.2-15 -0.74C3 0.00000

(0.7903 0.236'i -0.7761 0.00000
0.7761 0.2332 -0.76?-' C.00000
0.7633 0.2ncl -0.74S6 0.00000(0.7436 0.2L.52 -0.7372 0.00000
0.7372 0.2210 -0.7240 0.00000
J.724-J %',-'75 -0.7120 C.00000( 0712 C.13 -0.69'93 0.00000

01.21)0II -0,6876 0.00000
0.6376 0.20212 -0.6754 C.00000

*0.67.;4 0. *w -0.6641 C.00000
0tE 11?7 1-0.6524 C.00000
0 7-C.6414 0.00000

C.%4-0.63C1 C.00000
0.o.f~ 2.1EO-0.115S5 C.00000

-0.6086 0.00000
0*006 .,"27 -0.59 3 0.00000

10.5,S32 3.171,vr -C.5S78 0.00000
05'zv.73--'3.5778 C.00000

*0.!77o 0.173? -0.5677 0.000000
0.:677 ",.!%~4 -0.55 1 0.00000
0.5ob1 0.1674 -0.54e3 C.00000

6~'L 0.4- 01 -0.53i0 0.00000
S 0.5.353 0.1-117 -0.5296 0.00000

0.5o 015-0.52Cc 0.00000
*0.520o C1 -C.5115 .00

2.153:; -0.5029 C.00000
0 . 5 J,!.1 -0.4940 C.00000

-0.4856 .00000
0*4dt 0.14=17 -0.4771 C.00000
0e4771 'J.!-32 -0.4S90 C.00000
0.'.o O C.1407 -0.4608 C.00000

040'0.13-:3 -0.4529 0.00000
Oo452V 0.1259 -0.4451 0.00000
0 0.4 - .6 ~ 0.13- 6 -0.4375 C0001000
0.4375 0.1-l!3 -0.4299 0.000000

0.27 .12 3 -0.4225 0.00000
*09442Z5 3.1258 -0.4152 0.00000

J*41, O.1Z'4 -0.4081 C.00000
0.40C-l C.1:25 -0.4010 C000000
0.401u C.1204 -0.3941 0.00000
0.3941 3.11?3 -0.3873 C.00000
0.3*73 0.11t2 -0.3807 C.00000

*0.3807 0.1142 -0.3741 0.000000
093741 0.1123 -0.3676 0.00000
0.3676 C.110? -0.3613 C.00000

* 03613 0.108~4 -0.3551 0.00000
0.3551 0.1066 -0.3499 0.00000
093489 0.10'.7 -0.3&29 0.00000

S 0.34Z9 0.102; -0.3370 0.00000
0933%u 0.1011 -0.3312 0.00000
0.3312 0.0954 -0.3255 0.00000
09311. 0.1.977 -0.3199 C.00000
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0.3199 0.0960 -0.3144 0.00000
0.3144 0 .0 944 -0.3090 C.00000

(4.3090 -0-5348 -0.3036 4.00000
4.3036 1.32t: -0.3664 4.00000
4.3664 1.3944 -0.2116 4.00000
421lo 1.4020 -0.0921 4,00000

400921 1.3133 0.0215 4.00000
3.(085 1.24cz 0.1034 4.00000
3.8966 1.19 1 0.1?434 4.00000
3.8157 1.1417 0.2482 4.00000
3o7518 1013C'- 0.14178 4.00000

(3.6622 1.1102 0.3766 4.00000
3.6234 1.0--7.' 0.4420 4.00000

3*5j1.0701 0.4968 4.00000
(305012 le.^4C3 0.5614 4.00000

3*3t1.07'4 0.61E8 4.00000
3*383;, 1.0139 D.65770 4.00000

* 39323 .'', 0.73C9 4.00000
3.2691 , '77 0.75?8 4.00000

~ 0.~' .P411 4.00000
S0.9969 4.00000

3.1C~ o 0.476 4.00000
3 *0! 4 1.13011 4.00000

ci1.05C4 4.00000
1.1019 4.00000

C.~J21.1497 4.00000
* 2.i 30±' 1.2993 4.00000

2c-71.2456 4.00000
2.754'.0W5 1.2934 4.00000

2*Ub 1.3302 4.00000O206613 0.7931 1.3P42 4.00000
Z.7921.4276 4.00000

62.5724. '%.771? 1.4720 4.00000
0.75;1 1.5140 4.00000

29660w.743F 1.5567 4.00000
* Z.4'. 0.7333 1.5974 4.000000

2.4026 0.72 ! 1.6386 4000000
2.3614 C.73-)7 2.05780 4000000
293;.20 C 6?1.7177 4.00000

200-31.7558 4.00000
2.2444' 0.673C 1.7941 4.00000

£ 2o2059 C.11*83C9 4.00000
-00330, 1.0427 1.8679 1.50000

-Q.132 1.94f0 2o50000
-004460 -0.S01.891 1.50000

0 *2661 1.9510 1.50000
-003210 -M.1lF92 1.8175 1.50000

£ 0.75-G.1103 1.8026 1.50000
-003026 -0.107? 1.78e3 1.50000
-002663 -C.O'.70 1.7334 1.50000

(-0.2834 -0.0'?3 1.7749 1.50000
-0.2749 -0.0iS9 1.7721 1.50000
-0.2721 -C.0817 1.7649 1.50000

(-0.2649 -000811 1.7622 1.50000
-0.2622 -0.07S2 1.7556 1.50000
-0.2556 -090778 1.7527 1.50000' -02527 -0.0752 1.74e5 1.50000
-0*2465 -0.0749 1.7435 1.50000
-0.2430 -0.07'S 1.7376 1.50000
-0*2376 -000721 1.7345 1.50000
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C -0.2345 -0.0699 1.7290 1.50000
-O.2 S0 -0.0694 1.7258 1.50000
-0.2258 -0.0674 1.7206 1.50000
-0.2206 -0.0668 1.7175 1.50000
-0.2175 -0.0649 1.7125 1.50000
-0.2125 -0.0643 1.7094 1.50000
-0.2094 -0.0626 1.7047 1.50000
-0.2047 -0.0619 1.7016 1.50000
-0.2016 -0,.0603 1.6972 1.50000
-0.1372 -0.0596 1.6941 1.50000
-0.1941 -0.0591 1.6899 1.50000

C -0.1899 -C.0573 1.68f8 1.50000
-0.1668 -0.0:59 1.6828 1.50000
-0.182o -0.0552 1.679 8  1.50000

( -0.1798 -0.0539 1.67e0 1.50000
-0.1760 -0.0531 1.6730 1.50000
-0.1733 -0.0519 1.6694 1.50000

* -0.1o4 -0.0511 1.6665 1.50000
-0o1665 -0.049O 1.6630 1.S0000
-0o.lt,3 -0.3492 1.6602 1.50000
-0.1t0o -0.04?1 1.6569 1.o000

-0*1361 -0.047? 1.6541 1.50000
-0.1541 -0.045? 1.6510 1.S0000
-0.1210 -0.0455 1.6483 1.50000
-0.1483 -0.0445 1.6452 1.50000
-0.1 -0.0435 1.6426 1.50000

* -0o1426 -0.042? 1.6397 1.50000
-0.1397 -0.0421 1.6371 1.50000
-0o1371 -0.0412 1.6343 1.50000

S -0.134. -0.043 1.6318 1.50000
-0.1318 -O.0?9! 1.6291 1.50000
-0.1291 -O. 3 1.6267 1.50000
-0.1207 -3.031 1.6241 1.50000
-014- -. 03.74 1.6218 1.50000
-0.121 -C.C 1.6153 1.50000
-0.11i -0.039 1.6170 1.S0000
-0.1170 -0.0?52 1.6146 1.50000
-0.1 6 -0.0345 1.6124 1.50000
-0.112. -0.033S 1.6101 1.50000
-0.1io -3.C332 1.60oo 1.50000
-0.1060 -0.0325 1.6058 1.50000

( -0.1C3d -0.0319 1.6037 1.50000
-0.1037 -C.C212 1.6016 1.50000
-0.1016 -0.C 1 .5 9 S5 1.50000

* -0.095 -0.0300 1.5975 1.50000
-0.0i75 -0.02i4 1.5996 1.50000
-0.C356 -0.0239 1.5936 1.50000

* -0.0*. 6 -0.0282 1.5917 1.50000
-0.0917 -3.0276 1.5998 1.50000
-0.0098 -0.0271 1.5880 1.50000
-0.080 -0.0265 1.5861 1.50000
-0.0861 -C.C2bO 1.5844 1.50000
-2.5844 0.3669 1.5826 -1.00000

I -2.5826 -0.7968 1.6234 -1.00000
-2.6234 -0.8399 1.S281 -1.00000
-2.5281 -0o.S451 1.4550 -1.00000

S -2.0450 -0.7905 1.3854 -1.00000
-2.3654 -0.7509 1.3357 -1.00000
-2.3357 -0.7171 1.2865 -1.00000
-2.265 -0.6?67 1.2480 -1.00000
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I -2.24SC -0.5776 1.2058 -1.00000
-2oiO6 -0.65 3 1.1705 -1.00000
-2.6705 -0.5727 1.1309 -1.50000
-2.6309 -0.79F4 1.1052 -1.50000

-2.6052 -0.7316 1.0486 -1.50000
( -2.546o -C.72?1 1.0010 -1.50000

-2.5010 -0.7605 0.9510 -1.50000
2.450 -0.74? 0.9089 -1.50000

-2.4089 -0.7254 0.9644 -1.50000
-2.3644 -0.7iZ3 0.8255 -1.50000

-2.3255 - 0 .69 7 9 0.7837 -1.50000
( -2.2837 -0.6?65 0.7463 -1.50000

-2.2463 - .'735 0.7063 -1.50000
-2.2063 - 0.6701 -1.50000

( -2.1701 -C.6=O 0.6317 -1.50000
-2.1317 -&.640' 0.5965 -1.50000
-2.;65 -0.685 0.5595 -1.50000
-2e 0 -4.o?5 0.5254 -1.50000
-2.0' -C.S07? 0.4998 -1.50000

-0.57F 0.4567 -1.50000
-1.,e7 -0.5'>7 0.4224 -1.50000

-0.5772 0.39C4 -1.50000
-2.*3i4 -0.4034 O.?S74 -2.00000
--. 7120 0.3348 -2.00000
-2.3-.710 0.2843 -2.00000

-2.2o43 -O.70 0.2400 -2.00000
-2.2 4 01 -C.6126 0.1957 -2.00000
-2.1,D7 -1. t-1 0.1570 -2.00000
-2.1370 -0.6502 0.1180 -2.00000
-2.1i6 - .>7- 0.024 -2.00000

-2.0624 -0.6252 0.0458 -2.00000
-- -2.04' -6.c47 0.0115 -2.00000

-2.011 -C. 03' -0.02?3 -2.00000
-1.i7o- -0.0562 -2.00000

-0.0899 -2.00000
*l -1.,31 -.. 57;4 -0.121a -2.00000

1.c7c2 -C.53 -0.1544 -2.00000
--. :. -C.1852 -2.00000

-1.814z -C.5' -C.2166 -2.00000
-1.7634 -. 3 -0.2465 -2.00000
-1.1,3, -0.5:5 -0.2767 -2.00000

* -1.7 33 -0.517 -0.3056 -2.00000
-1.644 -0.50?2 -0.3348 -2.00000
-1ti -0.4S -0.3628 -2.00000
-1.6317 -0.4911 -0.39C9 -2.00000
-1ot1 -0.417i -2.00000
-1.5621 -0.4745 -0.4451 -2.00000
-1.524i -C.4606 -0.4712 -2.00000
-1.528E -0.45P5 -0.4974 -2.00000

-1.50 -0.43O3 -0.5227 -2.00000
-1.*4773 -0.4431 -0.54e0 -2.00000

-1.4520 -0.357 -0.5724 -2.00000
-1.4276 -0.4251 -0.5968 -2.00000
-1.4032 -0.4211 -0.6204 -2.00000

-1.3796 -0.413? -0.6439 -2.00000

-1.3561 -0.4069 -0.6668 -2.00000' -1.333k -0.399 -0.6895 -2.00000

-1.105 -0.3932 -0.7115 -2.00000
-1.2S -0.3S -0.73?5 -2.00000
-1.2665 -C.3'00 -0.7548 -2.00000
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( 1:2452 -0*3735 -0.7759 -2.00000

-1.1631 -0.3t73 -0.7966 -2.00000,-1.1434 -0.3430 -0.870 -2.00000
-1.1241 -0.3372 -0.8369 -2.00000
-1.1651 -0.3415 -0.9135 -2.00000(-1.0865 -093450 -0.9319 -2.00000
-1.0681 -0.33C4 -0.849 -2.00000
-10151 -03!.5 -0.9135 -2.00000(-1.0324-*35 -0.939 -2.00000
-1.0151 -0.3c4 -1.0021 -2.00000

-1C52.29 50 -. 0188S7 -2.00000
-103241 -3 4 01.09949 -2.00000

-ol C*05-1.051 -2.00000
:3i79-.234 -1.068 -2.00000

*-0.5312 -3.Z7f7 -1.0832 -2.00000
-Oo9164 -C.2-494 -1.0516 -2.00000

(-0*9484 -304IF4 -1.126 -2.00000
-O0c71'. -0.27-7' -1.0432 -2.00000

0*1. -C.25 -1.1576 02.00000
-11: ~0.4.0 -1.2037 02.00000

1.22. 0.0 -1.12e6 -2.00000
-0614-.2--14 -1.1412 -2.00000

*1.141 0.?73c -1.056 0*00000
IoiC .36.09 -1.057 0.00000

1.C3W 4 ~ 0.404C -1.2448 0.00000
61.0u,0- Co427 -loI12 0.00000O.W1 Oo 3.3c3 -10093 C000000

Co,3.- Co.-947) -1.3381 0.00000
loC34e Z.275 -098 0.00000

0.-',.>?? -0.929 C000000

0. 25e.2 7 -0.9 0 9 0 00000

O~7 0.4297 -00981 0.000000
0.761 0.2'275 -0.963e 0.00000

0c . Z- -0,924.4 C000000
0o.'4 0.2772 -0083379 0.00000
0.iO737 O.2747 -0.8183 0.00000
0093 00J2t'~1 -0.8771 C.00000
G.071 0.2123 -0.6623 0.00000

oo3 2",-0.977 0.00000
* 0.777~ 0.230 -073 0.00000

0*67240Z9 -0.7510 C000000
0 .73 3 0 o242 i -0.7I3 0.000000

0.737.02 -0.7253 0.00000
U0.2C3 0-27,5 -0.7122 0.00000
0.7772 0.12w0 -0.7634 C000000
0.7t015 OOZ29 -0.671 0.00000
0o.790 0.&2!17 -0.6765 0.000000
0.6e765- 0.22226 -0.6653 0.000004 0.4 0.174 ~ -0.6534 0.000000
0.65342 0.215 -0.7415 0.00000

rA0.6170592 -0.6870 0.00000
0.6310 02192 -0.6168 0.000000
0.6?65 00202? -0.60&4 0.00000

0.6534 001953 -0.5987 0.000000
* 0.517 0.1913 -0.5886 0.00000
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( 0.886 0.1765 -0.5782 0.00000
0.5762 0.173E -0.5685 0000000

(oese)85 0.1705 -0.5585 0.00000
0.5565 0.1677 -0.5490 0000000
0.5493 0.1647 -0.5394 C000000
0.53'w4 0.1620 -0.5302 C.00000
0.530Z 0.1591 -0.5210 0000000
0.5210 0.1564 -0.5121 0.00000

IF0.5121 0.1536 -0.5032 0.00000
0.5032 001511 -0.4946 0.00000
0.4946 Co1494 -0.4860 0000000( 34860 0.1459 -0.4777 0.00000
094777 Oo1433 -0.4694 0.00000
0'.4694 0.1l4C9 -0.4614 0000000

(0,4614 0.1394 -0.4533 0.00000
0.'. 33 0.1361 -0.4456 0.00000
0.445c 0.23?7 -0.4379 0.00000
0 .437i 0.131' -0,4304 0000000
0,4304 0.1291 -0.4229 0.00000
0.42i.cy 0.1269 -0.4157 0.00000

*0.4157 0.1,147 -0.40e4 0.00000
0.J8 01226 -0.4014 0000000
-0960.51127 -0.3945 -2.50000
-s105-3o6335 -0.3452 -2.50000
-213 ~-0.63-92 -0.4321 -2.50000

-207--*09-0.4970 -2.50000
*-2.0030 -O.6547 -0.5584 -2.50000

-.40-0.617t -0.6003 -2.50000
-097-0.534,2 -0.6416 -2.50000

*-1 0 63 4 -0.; 6-'1 -0.6725 -2.50000e-1.8275 -0.5514 -0.7070 -2.50000
101.u-0.5413 -0.7350 -2.50000

*-1.765 -0.5294 -0.7672 -2.50000
-1.73ze. -Oo5214 -0.7943 -2.50000
-107057 -0.!±110 -0.8251 -2.50000
-1.674v -0.5335 -0.8516 -2.50000

*-1.64b.. -Q*4'?3P -0.8812 -2.50000
-l~* 0.F5-0.9069 -2.50000

-O9 -0.4772 -0.9354 -2.50000
4-105046 -Oo4701 -0.9605 -2.50000

-1.3.o-0.4o13 -0.9878 -2.50000
-1.%o -0 14 -1.0121 -2.50000

-s69Co49-1o0394 -2.50000
-1.4616 -0.4390 -1.0621 -2.50000

*-1.437i -0.4309 -1.0873 -2.50000
-1,4127 -(,.'Z'2 -1.1103 -2.50000
-lo38,j7 -0.416c5 -1.1345 -2.50000

49 -103. -0.4100 -1.1568 -2.50000
-1.3432 -0.4026 -1.1R01 -2.50000

-1391-0.3962 -1.2018 -2.50000

IL-1.2982 -0.3-92 -2o2242 -2*50000
-1.2758 -0.3830 -1.2452 -2.50000

192452 -0.76 ' -1.2668 0.00000

it 1.2668 0.4018 -1.3296 0000000
1,3296 0.4519 -1.2569 0000000
1.2569 0.4634 -1.2050 0.00000' 12050 0.4156 -1.1572 0.00000
191572 Oo3S22 -101281 0.00000
1.1281 0.3549 -100999 0000000

£1.099-i 0.3404 -142 .10812 0.00000
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( 1081 03Z77 -1.0593 0.000000
1.0* 33212 -1.0432 0600000

(1.0432 0.3132 -1.0232 0.000000
1.0232 0*3066 -1.0076 0.00000.1.0076 0.3019 -009885 0.00000
0.ioF.5  0.2977 -0.9733 C000000
0.5733 0.1911' -0.9549 0.00000
0,5549 0.2?74 -0.9400 0.00000
0.9400 0.2815 -0.922' 0.00000
0,3224 O.T7 -0.9078 0.00000
0.9078 0.2719 -0.8910 0.00000
0.s910 0*2679 -0.8767 0.00000
3o8767 -0.2080 -0.8606 3.00000
3.o606 1.1851 -0.8977 3.00000

( 39Ei77 1.2?-0.7700 3.00000
.3.1001.Z.?-0.6706 3.00000

3*673co 1.1656 -0.5744 3.00000

43o5334 1.0704 :0:4321 3.00000
1,4321 1.04.&7 -0.3749 ?.00000
3.374-1 1.01"! -#0.3125 3.00000

-0.255' 3.00000
3e25-Ii4 0.9776 -0.2006 3.00000

c3e2306 0.i2 -0.1492 3.00000
3,1432 0.94- -0,'"92P 3.000000

30'iEC.929Z -C.0428 3.00000
IN 31,0423 0.911? 0.0114 3.00000

2.d6C.Iii0.0600 3.00000
2.9400 0.F'811 0.1122 3.00000

41 2odb76 C. S -:7 d 0.1594 ?.00000
in 2.84C6 0.851'- 0.2095 ?.00000
w2.7ioOz O.E721 0.2554 3.00000

*-0*2 54 1.2934 0.?036 C.00000
4- 0.3o 0.* 003991 C000000

-0.3091 -~~'0.3332 0.000000
C.2905 0.000000

* -. 2~~ -. 1~3 .2537 C.00000
-i.17-0.1177 C.2377 C.00000

(-0.23i7 -0.091i 0.22?7 0.00000
-0ei237 -0.07-73 0.2197 C.00000
-0.211Y7 -0.0700 0.2124 C.00000

Oel4-G.0674 0*21C9 0900000
-0.2109 -C-0635 0.2052 0.000000
-002052 -0*0'32 0.20?8 0.00000

*-0.2038 -G*0601II 0.1986 0.00000
Oev6-0*0606 0.1969 0.00000

-0.1'ic9 -0*05t4 0.1920 0.00000
-0.1920 -0.0594 0.1902 0.00000
-0.1902 -0.056! 0.1856 0.00000
-oo1d5o - .056? 0.1836 0.00000

O4 -0.1836 -3oC546 0.1793 0.00000
-0.1793 -0.0544 0.1773 0.00000
-0.1773 -0.0527 0.1733 C000000

OL-0.1733 -0.0525 0.1712 0.00000
-001712 -000510 0.1674 0.00000
-0.1674 -090506 0.1653 0.00000

.01653 -0.0493 0.1617 0.00000
-o67-0.0489 001596 0.000000

-0o1596 -09047! 0.1562 0.000004-0.1562 -0.04.72 001541 0.000000
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( O1~1-0.0460 0.1509 0000000
-0153-0.0455 0.1489 0000000

-0.1488 -0.C444 0.1458 0.00000
-O.145o -0.0440 0.14?7 0000000
-10.1437 -000429 0.1408 0.00000
001408 -0.0424 0.1388 0.00000

-0.1388 -0.0415 0.1361 0000000
-001361 -0.0'i10 0.1340 0.00000
-0.1340 -00C401 0.1314 0.00000

-0.1314 _C10396 0.1294 0000000
-0.1294 -0*073 0.1269 0.00000

(-0.1I69 -0003S2 0.1250 C.00000
-0014,50 -0.0J374 0.1226 C.00000
-0o.12t -Q00,29 0.1207 0.00000

(-0.1207 0Ce1 0.1194 0000000
-0.1164 -0.03 6 0.1166 C.00000
-0.1166 -. 3'0.1144 C.00000

4 -C4.14'..?4 0.1126 C.00000
-0.12o-.03?0.1105 C*00000

-011 ~-0.0??2 0.1067 C.00000

-130-10.021' C.1067 0.00000
-0.031 0.1014o C.00000

-0134-1.03O4 0.109 0.00000
-0.023 0.014 C.00000

* -0.07 -002 0.0996 0.00000
-G.0Co2 C.32 0.0979 0.00000

-0.0tr7 0.09e2 C.00000
* -0.00$2 -. : 0.0913 0.00000

~ -0.013-3.46 0.0927 C000000
-Oe026v 0.0912 0.00000

6111 -Oeo274 0.0867 0*00000
-0.0 269 0.08P-2 0.00000

-C.05' ~0.0867 0.00000
* -. 0~7 0.0510.0852 .00000

-0.0d2 -. 0. 0.0808 0.00000

-0.>'?0.0795 0.00000
-Do0795 -00023 0.0781 0.00000
-000701 -0.C234 0.0768 C.00000
-0.0763 -0.02'30 0.0754 0000000

4-0.07204 -0.0"26 0.0741 0.00000
-0,0741 -0.C2272 0.0728 0.00000
-0.C72r -0.3215 0.0716 0.00000

*-a.0716 -0.06,15 C.0703 0000000
-O~i ,-0.0211 0.0692 0000000

-0.*0692 -Go0207 0.0679 0.00000
*-0.0679 -0.0204 0.0668 0.00000

-0*066b -0.0200 0.0656 C000000
-0.0656 -0.0197 0,0645 0.00000
-0.0645 -0,0194 0.0634 0.00000

*1-0.0634 -000190 0.0623 0.00000

-0o062 -000187 0,0602 0.000000

6.0.0602 -000181 0.0601 0.00000
-0.0591 -0.0177 0.05e1 C*00000q 0.0581 -0.0174 000571 0000000
-000571 -0.0171 0.0561 0000000
-0.0561 -00016P 0.0552 0000000

£-000552 -0.0166 0.0542 0.00000
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( -0.054i -0.0163 0.0533 0.00000

-0.033 -0.0160 0.0524 0.00000
4.9476 -0.8002 0.0514 5.00000
4.54$6 1.5285 -0.0345 5.00000
5.0345 1.6159 0.1518 5.00000, 4.b482 1.6275 0.2940 5.00000
4.7060 1.5195 0.4289 5.00000
4.5711 1.4416 0.5244 5.00000
4.4756 1.3753 0.6187 5.00000
4.3b13 1.3356 0.6919 5.00000
4.3081 1.297 0.7723 5.00000
4.2277 1.2752 0.8393 5.00000
4.1607 1. 451 0.9147 5.00000
4.0c53 I.Z 0.9754 5.00000
4.0205 1.204 1.0516 5.00000
3.z 1.1148 5.00000
3.852 1.151 1.1J342 5.00000

* 3.1150 1.1465 1.2456 5.00000
3.7344 1.1259 1.3123 5.00000
3.6077 1.107A 1.3721 5.00000
3.6Z7i 1.0z72 1.4362 5.00000
J9. 3: 1.07.' 1.4942 5.00000
3.S05o 1.0507 1.!558 5.00000
3.44-e 1.03*3 1.6121 5,00000

1.01: 1.6714 5.00000
3.3Zo 1.7260 5.00000
3.2740 0.9314 1.7831 5.00000
3.216i . 1.8360 5.00000
3*164 0.94d5 1.8910 5.00000

*.10so 2.' 1.9423 5.00000
3.077 0.9167 1.9952 5.00000

0.9020 2.0448 5.00000
2.5i. C.s6l 2.0958 !.00000

.. 717 2.1439 5.00000
20P56 0.: 5t2.1930 5.00000
- U..4 2Ir 2.2396 5.00000

* 2.704 0.8277 2.2R69 5.00000
2.71,1 COI 2.3320 5.00000
2,co63 0,7300 2.3776 5.00000
Zob. 4 o.7-7Z 2.4212 5.00000
2.51 0.773! 2.4652 5.00000

( * 0.74S 2.5074 5000000
2o4l26 0.7475 2.5498 5.00000
k, 0.73;2 2.59C6 5.00000
2.40 4 0.7225 2.6316 5.00000
2.3604 C.7106 2.6710 5.00000
2.3290 o.e94 2.7105 5.00000
2. 5 0. ' 2.7486 5.00000
2.2514 C.675, 2.7R67 5.00000

2.213i 0.664 2.82!6 5.00000
£ 2.1764 0.t527 2.8604 5.00000

2.1396 0.6419 2.89e0 5.00000
0.1040 0.9448 2.9315 3.00000

( 0.0685 0.0030 3.0000 3.00000
0.0000 -C.C424 2.9594 3.00000
0.0406 -0.0571 2.9354 3.00000
0.C646 -0.0239 2.9142 3.00000
0.05c -0.0024 2.9078 3.00000
0.0922 0.3144 2.9017 3.00000
0.03 0.0209 2.9032 3.00000
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i 0.0w6& 0.C263 2.9015 3.00000
O.036 C.067 2.9044 3.00000
0.056 0.0235 2.9037 3.00000

0.0275 2.9066 !.00000
0.3C34 0.0234 2.9061 3.00000

0.C272 2.9086 3.00000
0.Ci14 0.0272 2.9003 3.00000
0.0917 0.02-7 2.9105 3.00000

( 0.0895 C.0272 2.9103 3.00000
0.0697 O.O212 2.9123 3.00000
0.0677 0.O264 2.9123 ?.00000

( 0.0*77 0.0257 2.9141 ?.00000
0.Od59 ),C-6 2.9141 3.00000
0.005i 2.91!e 3.00000
0.0=Z2 2.9159 3.00000
0.0o1 O.C247 2.9174 3.00000
O.Cs2 0.C24 2.9177 3.00000

* O.0c C.02-2 2.9190 3.00000
0.0O1C .C.2 2.9193 3.00000

7 .'2? 2.92C6 3.00000
S0.07,4 C.32 2.92C9 3.00000

0.0771 G.0233 2.9221 ?.00000
0.CT7 C.02?4 2.9224 ?.00000
0.c7 0 0.022, 2.9235 3.00000
0.C7c; C.0220 2.9239 3.00000
0.0761 0.3.25 2.9249 ?.00000
0,071 0.C22! 2.92S4 3.00000
0.C7 4C. l -2.9263 ?.00000
0.07i7 C.0220 2.92E7 ?.00000

C C .,17 2.9276 3.00000
0.7. 2.21 2.9281 ?.00000

0.07, ~2.92?9 ?.00000
K 0.0711* 0.02 2.9293 ?.00000

21.9301 3.00000
27 n. 2.9306 3.00000

,0o , 2.9313 3.00000
0 o,; 7 0zC= 2.9318 3.00000

2.9325 3.00000
0.067 %. c 2.9329 3.00000
00071 2.93?6 3.00000
0 2.9340 3.00000
0 . . 2.9346 3.00000
0 0.0 ?*CJC4 2.93!1 3.00000
0.oeC I,1 2.9357 3.00000
0.06, OC1.1 2.9361 3.00000

012.93f7 3.00000
0.0 2 33 O.1 2.9371 3.00000

1. 2.9377 ?.00000
0.0623 C.01:5 2.93e1 ?.00000
0.0c19 3.014 2.9396 3.00000
0,0614 0.31i2 2o9390 3.00000
0.0.10 0.0131 2.9395 3.00000
0,C605 0,01cC 2o9399 3.00000£ o.o601 0.0175 2.9404 3.00000
0.0596 000177 2,9408 3.00000
0.0592 o0,176 2.9412 3.00000
0.0588 0.0174 2.9416 3.00000

0,0584 0.0172 2.9420 3.00000
0.0580 0.0172 2.9424 3.00000

£0,076 0.0171 2,9428 3.00000
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0.0572 0.0170 2.9432 3.00000
00068 0.O1t? 2.9436 3.00000
0,0564 0.0167 2.9439 3.00000
0,0Z1 0.0166 2.9443 3.00000
0.0557 0.0165 2.9447 3.00000
0.0553 0.0164 2.9450 3.000000.0550 0.0163 2.9454 3.00000

0.0546 0.3162 2.9457 3.00000
( 0.0543 0.0161 2.9461 3.00000

0.0539 0.0!:3 2.9464 3.00000
0.3536 C.015; 2.9467 3.00000
0.0533 O.Jl" 2.9470 3.00000
0.0530 C.Ji17 2.9473 3.00000
0,0527 .01; 2.9477 3.00000

( 0.0523 0.0155 2.9479 3.00000
0.0521 0.01-:4 2.9483 3.00000
0.0517 0.015! 2.9495 3.00000
0.0513 0.01:2 2.9408 3.00000
0.051Z 0.015i 2.9491 3.00000
0.0502 U.3151 2.9494 3.00000

( 0.0506 0.C1 0 2.94S7 3.00000
0.0 2.9499 3.00000
0.05VI C.C.' 2.9SC2 3.00000

( 0...2: .117 2.9504 3.00000
0.04 .0147 2.9507 3.00000
0.CG'q, O.C1'; 2.9510 3.00000
0.0043 O.01O' 2.9512 3.00000
0.C4:. 0.'144 2.9514 3.00000
0.0456 ~.C144 2.9517 3.00000
0.04C3 0.01--3 2.9519 3.00000
0.04cti C.0142 2.9521 3.00000
0 .C.9 7 3 3.0142 2.9524 3.00000

0 0.0-06 o C.341 2.95Z6 3.00000
O.1-7- C.3,4 2.9528 3.00000
0.C472 C.010 2.9530 3.00000

S0.C.470 4.013 2.9532 3.00000
0. C c O.01 ? 2.95?4 3.00000

O.c1? 2.9536 3.00000
( 0.0 4 ..0137 2.9538 3.00000

O.C.. 0.6137 2.9540 3.00000
0.0460 0.0136 2.9542 3.00000
0.4oJ..: %.6135 2.9544 3.00000
1.U40c -0.1424 2.9545 4.00000
1C. 003222 2.9378 4.00000
1.06Z2 0.309 2.9754 4.00000

1.,b 0.3418 3.0042 4.00000
0.o5,5 3.3201 3.0315 4.00000

( 0.6 7 0.3044 3.0509 4.00000
3o9491 0.2910 3.07C1 4O00000
Oe vi 0.2 30 3.0851 4.00000

• 0~5149 0.2755 3.1015 4.00000
008985 0.2707 3.1152 4.00000
C.oE48 0.2652 3.1306 4.00000

( 0.8694 0.2613 3.1438 4.00000
0.562 0.2564 3.1s6 4.00000
0.a414 0.2.27 3.1715 4.00000
0 0.814d 0.2481 3,1856 4.00000
0.6144 0.2445 3.1982 4.00000
0.0018 0.2401 ?.2118 4.00000

( 0.7*$2 0.2365 3.2241 4.00000
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(0.7759 0.2324 3.2371 4.00000
0.7629 O.Z29 3.2490 4.00000

( 0.7510 0.2249 3.2616 4.00000
0.73a4 0.2215 3.2731 4.00000
0.7269 0.2177 3.2852 4.00000

M 0.7148 0.2144 3.2964 4.00000
0.7036 0.2107 3.30E0 4.00000
0.6920 0.2075 3.3189 4.00000
0.6811 0.2040 3.3301 4.00000
0.6699 0.2DO9 3.3406 4.00000
0.6594 0.1975 3.3514' 4.00000

C 0.6486 0.1 45 3.3615 4.00000
-4.3615 ,.9757 3.3719 -1.00000
-4.3719 -1.354 3.4668 -1.00000
-4. 2 -1.?4 3.28 7 -1.00000
-4.237j -1.:791 3.15 2 -1.00000
-4-.1562 3.0301 -1.00000
-4.C; 4J. -1.7:5 2.920 -1.00000
-3.140 -1.2 2.8572 -1.00000
-3.,EI7 -1.19 2.7921 -1.00000
-S,712l -1.12 2.7199 -1.00000
-3.711v -1.1ZS3 2.66C7 -1.00000
-3.toC7 -1.O2 2.5933 -1.00000
-3*. 2.5361 -1.00000
-3.53*1 -1.97 2.4716 -1.00000
-3 71 -. : 2.4158 -1.00000
-3, 1 -100232 2.3537 -1.00000
-3.32,7 -1.0001 2.2994 -1.00000
-3.2194 -0.2 2.2398 -1.00000

-3.3a:-J.? 2.1869 -1.00000
-3. 0. 22.1297 -1.00000

[ - .2 7- .0 2.0723 -1.00000

-3.078. -0.9227 2.0232 -1.00000

-3•023Z -c.VIX 1.9733 -1.00000
-u.Q914 1.9204 -1.00000
-:.:772 1.8720 -1.00000

-2.572u -Q.Ce11 1.8211 -1.00000
-2.c1l -0.b473 1.7742 -1.00000
-2o7742 -00831 1.7252 -1.00000
-2o%.7 -u.oi 1.6757 -1.00000
-2.6797 -0.O0o3 1.6325 -1.00000

* -2ot3z -C,.7,O5 1.5S8 -1.00000
-0.776 1.5430 -1.00000
-5.7o 1.50C3 -1.00000

£ -2. O03 -C.7' 1.4566 -1.00000
-2.?o -0.7?76 1.4152 -1.00000
-2.o4152 -0.7244 1.3731 -1.00000

S -2.37j1 -0.7124 1.3330 -1.00000
-2.3330 -0.699? 1.2924 -1.00000
-2.292k -0.6E32 1.2537 -1.00000

* -2.2b37 -0.760 1.2145 -1.00000
-2.2145 -0.6648 1.1770 -1.00000
-2.1770 -0.6531 1.1392 -1.00000

• -2.1392 -0.6421 1.1030 -1.00000
-2.1030 -0.6309 1.0665 -1.00000
-2.0o665 -0.0203 1.0315 -1.00000
-2.0315 -0.6094 0.9963 -1.00000
-1.963 -0.C5992 0.9624 -1.00000
-1.9624 -0.5887 0.9285 -1.00000

S -1.i2 -0.5799 0.8958 -1.00000
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( -1.8958 -0.56S7 0.8630 -1.00000
-1.8630 -0.5592 0.8313 -1.00000
-2.3313 -C.4710 0.79S8 -1.50000
-2 6 -0.6945 0.7776 -1.50000
-2.2776 -0.6939 0.7285 -1.50000
- 2.226 -0.tg61 0.6846 -1.50000
-2.S46 -0.6662 0.6416 -1.50000
-2.1416 -0.t4S7 0.6033 -1.50000
-2.1033 -0.*643 0.5654 -1.50000
-2.0654 - . 19 0.5304 -1.50000
-2.0304 -C."0s 0.4949 -1.50000
-1.Si49 -C .5993 0.4614 -1.50000

( -1.9614 -0. 5 0.4273 -1.50000
-1.7 -C.5757 0.3949 -1.50000
-1.b.49 -C.'4 0.3621 -1.50000
-1.8oZ1 0.3308 -1.50000
-1.E303 -0.5491 0.2991 -1.50000
-1.7#,1 -0,500 C.2689 -1.50000
-1.76q3 -C. ?7 0.2382 -1.50000
-1.73tL -C.51:7 0.20F9 -1.50000

-O.Z12Z 0.1795 -1.50000
-1.e7 -0.'1 C.1511 -1.50000

-2. 11-3.! 0.1227 -2.00000

-E.12 7 - .&414 0.1038 -2.00000
-2.1C -2.6' 0.0576 -2.00000

0.0168 -2.00000
• ZC~ -¢.611= -0.02!2 -2.00000

-1-.76¢ -0.05?5 -2.00000

-1.5415 -2.5c57 -0.0935 -2.00000
-0.574 -0.1257 -2.00000

-1.8743 -0. %F.2 -0 .15E5 -2.00000

S -1.S 3 -C.=.32 -0.1292 -2.00000
-1I -B.F 4 -0.22C6 -2.00000

-1.774 -0.25C3 -2.00000
-1.74i7 -O.5 -0.2805 -2.00000

* -1.71Q, -0.1: -0.3093 -2.00000
-1.e;07 -C.5071 -0.3385 -2.00000

-3.47 -0.3663 -2.00000
( -1.6337 -0.4; -0.3944 -2.00000

-1.toit -0.4213 -2.00000
-1.5737 -0.47?5 -0.44P5 -2.00000

S -1.11,5 -o..55 -0.4745 -2.00000
-0.555 -0.6144 -0.5007 -1.00000
-0.4i3 -.. 142 -0.5429 -1.00000

* -0.4571 -C.1159 -0.53C7 -1.00000
-. o oV -0,106? -0,5264 -1.00000
-0.4736 -0.1204 -0.5237 -1.00000

=-04763 -0.1240 -0.5279 -1.00000
-0.4721 -0.1350 -0.5324 -1.00000
-0.467o -0.1361 -0.5404 -1.00000
-0.4596 -C.1366 -0.5468 -1.00000
-0.4532 -0.1347 -0.5553 -1.00000
0.0553 -0.2117 -C.5619 -0.50000

( 0.0619 0.0236 -0.0786 -0.50000
0.0756 0.0339 -0.5664 -0.50000
0.0664 0,0376 -0.5599 -. 50000
0.0599 0.0215 -0.5527 -0.50000
0.0527 0,0232 -0.S505 -0.50000
0.0505 C.OJE2 -0.O472 -0.500004 0.0C72 0.0165 -0.5469 -0.50000
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(0.0469 0.C1'5 -0,5448 -0.50000
0.C'44d 0.0144 -0.5448 -0.50000( 0.5448 -0.0'652 -0.5431 0.00000
0.5431 0.167; -0.5516 0.00000
0.5516 0,1759 -0.5313 0.00000
0051 0.1771 -005169 0.00000
0.5169 0.16'56 -0.5019 C.00000
005019 0.1579 -0.4921 0.00000
0*4921 0.1507 -0.4812 0.00000
0.4812 0.146S -0.4736 C.00000
0.4736 0.1425 -0.4642 0.00000

(0.4642 J.1402 -V.4571 0.00000
0.4571 0.32?70 -0,4484 0.00000

0.41 .3251 -0.4415 C.00000(0.4415 C.'.22-2 -0.4332 C.00000
0*.35 C.130J4 -0.4264 0.00000
0.4264 0 .1 d77 -0,4194 0.000004 0.410'4 -.2 ~0.4118 0.00000
0.411i ~ I.i233 -0.4042 C.00000
0.4 e4. .. 1U. -0.?977 C.Oooco

( 0.3j77 01M-0.3904 0.00000
0 3v 4.1174. -0.3841 0.00000

0.3d4l .. -0.?771 0.00000
( 003H77i(.i -C.?709 C.00000

0.37C'9 C2 -0.?642 0.00000
0.34--Z1C~ -0.3592 0.00000

40.35a2 0.1074. -0.3518 0000000
0.3 10 O.1CML7 -0.3460 C.00000
0.3460 O.1037 -0.339S 0.00000

g 0.3i ~ L2.321-0.3341 0.00000

AW 0.3341 -).IIC2 -0.3212 C.00000
0.C9 ~-C.3227 C.00000

£ 0.32-27 0-'9-0.3170 0.00000
0.3170 .0"' -0.3117 C.00000
0.!117 C.)335 -0.3061 C.00000

0*0lC..:-:i; -0.3010 0.00000
0.30110 C.303io -0.2957 0.00000

0.: 7-0.2907 0.00000
0.2i07 0.0"72 -0.2S56 0.00000

(0*201; ue~l -0.28C9 C. 00000
0*22Ue 0.011'.12 -0.2758 0.00000
0.2753, O.iI -0.2712 0.00000
0.2712 C.3 -13 -0.26e4 0.00000

026 3.0-Doo -0.2619 C.00000
* 0.619 O.0V7*;" -0.2573 0.00000

O.2373 C.077? -0.2530 0.00000
0.2530 010759 -0.2405 0.00000

So.2462 Ge.04'6 -0.2443 0.00000
0.2443 0.073? -0.2400 0.00000
0.2400 0.0721 -0.2360 0.00000
0.2360 0.070P -C.231? C.00000
0.2318 000696 -0.2279 C.00000
0.2279 0.C684 -0.2239 0.00000

40.2239 0.0672 -0.22C1 0.00000
0.2201 000650 -0.2103 0.00000
0.2163 oe.0649 -0.2126 0.00000

S 0.2126 C006?8 -0.2089 0.00000
0*2089 0o.27 -0.2053 0000000
0.2053 000516 -0.2017 0.00000
002017 0.0606 -0019e3 0000000

'I-1t0I



(0*1983 0.00 35 -0.1948 0.000000
0*1'i4E 0035 -001,915 0.000000

(0.19151 00575 -O.1882 0.000000
0018-:2 0.U~5 -n.1850 0.000000
0.135o 0.0555 -0.1818 0.00000

(0*1616 Oo054t -0.17E6 0.00000
0.17o6 0.0531' -0.1755 C000000
Oo1755 0.0527 -0.1725 C.00000( 0.725 O.Co'ce -0.1696 0.00000
0.1696 O.lrc -001666 0000000
0.1666 0.50-0.1638 0.00000
0O.lA-38 ,~, -0.1609 C.00000
( 0.t~0 0.4~?-0.1592 C000000

kd-.. .C1,75 -0.1554 C.00000
0.lz"4 04 -0.1528 0.00000

0.112-; -0o1501 C.00000
0.1501 0.04111 -0.2475 0.000000

0.41 o.443 -0.1450 0.000000
0.32 ~-0.1425 0.00000

0.1;420 -001400 C.00000
0.4; o4C-0.1376 0.00000

0 .04~1? -0.1353 0.000000
0.135C o~Y0 -C13 29 0.00000
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PRCGRA4 BA

LOGICAL FIiSTiCELAY

CHARACTER*6 AN'SWER~

F0RMATC1XqlPILQT N'Lf-3ER CE ,192,3949N)')

READ C*, Z2)9ANSW'd;
202 FORMAT(Ad)

Aslo4445
Bal.472i
C=.o1
J210 0

AC c; E

oE;= L-:-

BF= F

U - : Fz

FCC; ~C
F , a -A

RTC 100 :i,1

F I T : T X

%RI Ti~ ( " 9T T (:4 1 3) ~

301 ~~ FORX 1 / 1S0 o.'

p m 1 (A E C ) 0 :X~*XC

9 X~1P I I J z P H 19. k T

GOTO 401-I

LENO~sC4C~cC;;X -154-[



ELSE IFICANSWERaC."11) TeEN
IF(FLRST)WRITE(*.302)

302 F0RMATC1OPILOT 1')

XIN=A*XO

XRD=D
XID=C*XG

ELSE I , (ANSwR9EC.'21) TOE
IFCFIRST)wRIT C*93O3)

303 FORMAT(IXsOPILJT 4".)

X I N = A - 3 O) X 0

xI , C,* x 0

ELSE IEC N 1.L3)1-i

304 F0%4ATC1Xq'P1LCT 31)

X RN ri

I ( F : S T ITh T C , - C, 5)

X R N X
X I N , CA .E -x

X R 3 F C *X 0 ;c X '3

ELSE IF(',kz IV...~' TI-i:N
IF(PIkST) T4-%i

306 F 0aM A TC(1 X '; 1C L S P L JT C aT A)

E"I IC

C PTIM'UM PILOT MEZEL AT Cm-:'A =

CA 2 -1 3 5*i XZ : X + 25~0.1

CXIN a c~"7 g

C XRD 2 1At2X
C XID x -1*2 X!l:* g~

C 8ASELI.NE AIRCQAFT ANC TIVI LZLIY9 XRN a1.1376
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C XRO a -4.2 X G*XC

c XjiO z = x - XL*4X0*X3

aPTImUM PILOT MCDEL ATr-E'

RNG z

RN2 z to

R04 a 1.
R03 z 1C4*2
RD2 a io
RD1 x

XRN = - 2*uN:X
XIN = kN1 ;*flJ

XPMTN z ACX;:.X*2

XPJTC:-TC~* 2

XF9,T= X p T-T

401 CL;NT IN.L'
'I;;(IRST) TTCST=.FZL-S=.

X I' *j L fj li 1 0 X. C CT
X h 2 i T T .

100 C 0N T !i U'
CLJSc (2) VIE(-)02~ R

102 V-aMATCIX, SF14 .4)
105 Fw;iATC1X~,01l.Z)
133 FCR,44TCIN)

END
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ONEGA MAGNITUDE (06) PHASE (CEG)

0.0000 17.4697 0.0000
0.1000 17*4713 -0.668$
002000 17.4761 -1.3365O0.3000 17.4342 -2.0096
0.4000 17.4955 -2.6635
0.5000 17.5099 -3.3606
0.6000 17.5275 -4.041?
0.7000 17.5483 -4o7276
0.6000 17.5720 -5.4191
0.9000 17.5966 -6*1169
1.0000 1706265 -606218
101000 17.6612 -7*5343
1.2000 17.6966 -8.2552
1.3000. 17.7349 -6.9650
1.4000 1707756 -9.7243
1.5000 1746193 -10.4736
1*6000 17.8653 -11.2336
1.7000 17.9138 -12.0045
108000 17.9646 -12.7670
109000 16.0176 -13.5812
2.0000 18.0729 -14.3677
2.1000 18.1302 -15*2067
2.2000 16.1695 -16.0365
2.3000 1862507 -16o8633
2o4000 16.3137 -17.7415
205000 16.3765 -18.6130
2.6000 16.4446 -19.4962
2.7000 1665127 -20.3971

S 2o6000 18.5621 -21e309?
2.9000 16.6526 -2292363
3.0000 18*7248 -23.1767
3.1000 1607979 -24o1310
3.2000 16.6723 -25*0992
3e3000 16.9476 -26.0613
3.4000 19.0239 -27.0771
3.5000 19.1011 -26.0667
3e6000 19.1791 -29.1099
3.7000 1902579 -30.1466
3o8000 19.3374 -31.1968
3e9000 19.4174 -32.2602
4.0000 19.4981 -33o3367
4.1000 19.5792 -34.4261
4.2000 19.6606 -35.5264
4e3000 19.7426 -36e6433
4*4000 19.8251 -3?o7706
4.5000 19.9077 -38.9102
4e6000 19.9906 -40.0619
4.7000 20.0737 -41.2254
4.6000 20.1569 -42e4006
409000 20.2402 -43.5873
500000 20.3237 -44.7852
501000 20.4072 -45e9942
542000 20.4907 -47.2140
545000 20*5742 -46o4445. 54000 20.6576 -49o6654
505000 20.7410 -5099365
5.6000 2096242 -52.1977
5.07000 20o9074 -53*4687
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5.6000 20.9903 -54.7493
5.9000 21,0732 -56.0394
600000 2101556 -57.336
601000 21.2332 -56.6469
6.2000 21.3204 -59.9640

6.4000 21.4839 -62o6239
6.5000 21,5653 -63e9664

0.600 216464 -65.3169
7000oo 21*7272 -66o6754
0000 21.8077 -68.0415
4.9000 2108879 -69.4153
7.0000 21.9677 -70.7964
7.1000 22.0472 -72.1346
7.2000 22.*1263 -73.5602
703000 2242050 -74.9825
7.4000 22.2634 -76.3915
7.5000 22e3614 -77.6072
7.6-000 22o4391 -79o2292
7.7000 22o5163 -80.6576
706000 22.5932 -62.0922
709000 22.6697 -6395327
600000 22.7457 -84o9792
601000 22.6214 -86o4314
8.2000 22e6967 -67.6692
6.3000 229715 -69.3525
6.4000 23.0460 -90.6212
6.5000 231200 -92o2951
8o6000 23*1936 -93.7741
6.7000 23o2666 -95e2562e 6.000 23o3396 -96.7472
6.9000 23.4120 -96o2409
9.0000 23*4840 -99.7394
901000 23.5556 -101.2424
9o2000 23*6267 -102.7499
9e3000 23q6974 -104.2619
9o4000 23.7676 -105.7760
9.5000 23.6377 -107.2934
9*6000 23.9072 -108*6229
907000 23.9762 -110.3514
9.6000 24*0449 -111.6639
909000 24.1132 -113.4202

10.0000 2491011 -11499602
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